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NOTATION 
a 
A 
AR 
B 
CD 
CDX 
CDr 
CFrms 
C Fmax 
CL 
CL(n) 
CLmax 
CLrms 
Wave amplitude 
Cross-sectional area of the cylinder 
Wave amplitude of nth component 
Aspect ratio = DIB 
Breadth of cylinder normal to wave crests 
Drag coefficient 
Drag coefficient in horizontal direction 
Drag coefficient in vertical direction 
Root mean square in-line force coefficient 
Maximum in-line force coefficient 
Lift coefficient 
Lift coefficient for nth harmonic 
Maximum lift coefficient 
Root mean square lift coefficient 
Inertia coefficient 
Inertia coefficient in horizontal direction 
Inertia coefficient in vertical direction 
Wave celerity 
Water depth 
Width of cylinder parallel to wave crests 
Error of force 
Mean square error 
Estimated force 
In-line wave force per unit length 
Wave force in horizontal direction 
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Fy 
Fxmax 
FXrms 
FLmax 
F Lrms 
g 
G 
h 
H 
kn 
KC 
L 
P 
Re 
SFdm) 
Sul OJ) 
Suiw) 
s,,( OJ) 
T 
it,U 
Wave force in vertical direction 
Maximum in-line force 
Root mean square in-line force 
Maximum transverse force 
Root mean square transverse force 
Acceleration due to gravity 
Green function 
Depth of submergence of the cylinder 
Wave height 
Wave height associated with nth component 
Significant wave height 
Wavenumber 
Wave number associated with nth component 
Keulegan - Carpenter number 
Wave length 
Dynamic pressure 
Reynolds number 
Spectral density of wave force 
Spectral density of in-line velocity 
Spectral density of in-line acceleration 
Wave spectral density 
Wave period 
Apparent wave period 
Mean zero crossing period 
Horizontal water particle velocity 
Current velocity 
Maximum horizontal water particle velocity 
Root mean square horizontal particle velocity 
Horizontal water particle acceleration 
viii 
w Vertical water particle velocity 
W Vertical water particle acceleration 
f3 Frequency parameter ( = ReIKC) 
1/;( n) Phase angle for nth harmonic 
t/J Velocity potential 
En Phase associated with nth component 
1] Instantaneous water surface elevation 
W Angular wave frequency 
W 0 Peak frequency 
OJn Angular wave frequency of the nth Fourier component 
a Partial sign 
v Kinematic viscosity of water 
p Mass density of water 
') Peak enhancement factor 
(j Standard deviation or source strength 
X(f) Fourier transform 
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SUMMARY 
The research into hydrodynamic loading on ocean structures is concentrated mostly 
on circular cross section members and relatively limited work has been carried out on 
wave loading on rectangular sections, particularly in waves and currents. This 
research work is therefore carried out focussing on the evaluation of hydrodynamic 
force coefficients for sharp edged rectangular cylinders of various cross-sections 
(aspect ratios), subjected to waves and currents. Three cylinders with three different 
cross-sections are constructed and tested vertically, as surface piercing and 
horizontally, as fully submerged with the cylinder axis parallel to the wave crests. 
The aspect ratios considered for this investigation are 1.0, 112, 2/1, 3/4 and 4/3. The 
length of each cylinder is 200Omm. The sectional loadings are measured on a 100mm 
section, which is located at the mid-length of the cylinder. The forces are measured 
using a force measuring system, which consists of load cells, capable of measuring 
wave and current forces. The in-line & transverse forces (for vertical cylinders) and 
horizontal & vertical forces (for horizontal cylinders) have been measured. For 
horizontal cylinder, to study the effect of depth of variation on submergence of the 
cylinder, the tests are carried out for two depths of submergence. 
The experiments are carried out at the Hydrodynamic Laboratory, Department of 
Naval Architecture and Ocean Engineering, University of Glasgow. The tests are 
carried out in a water depth of 2.2m with regular and random waves for low 
Keulegan-Carpenter (KC) number up to 4.5 and the Reynolds number varied from 
6.397xl03 to 1.18xl05• The combined wave and current effect has been produced by 
towing the cylinders in regular waves, along and opposite to the wave direction at 
speeds of ± 0.1 mis, ± 0.2 mls and ± 0.3 mls. Based on Morison's equation, the 
relationship between inertia and drag coefficients are evaluated and are presented as a 
function of KC number for various values of frequency parameter, {3. 
For the vertical cylinders, the drag coefficients decrease and inertia coefficients 
increase with increase in KC number up to the range of KC tested for all the 
XXV111 
cylinders. For the horizontally submerged cylinders, the drag coefficients showed a 
similar trend to vertical cylinders, whereas the inertia coefficients decrease with 
increase in KC number for all the cylinders. This reduction in inertia force is 
attributed to the presence of a circulating flow [Chaplin (1984)] around the cylinders. 
The random wave results are consistent with regular wave results and the measured 
and computed force spectrum compares quite well. 
While computing the force coefficients in the case of combined waves and currents, 
only the wave particle velocity is used, as the inclusion of current velocity tends to 
produce unreliable drag force coefficients. For vertical cylinders, the drag and the 
inertia coefficients in combined waves and currents are lower than the drag and the 
inertia coefficients obtained in waves alone. For horizontal cylinders the drag 
coefficients are larger than those obtained for waves alone and the inertia coefficients 
are smaller than those measured in waves alone. 
The Morison's equation with computed drag and inertia coefficients has been found 
to predict the measured forces well for smaller KC numbers. However, the 
comparison between measured and computed positive peak forces indicate that the 
computed forces are underestimated. It is suggested that if the wave particle 
kinematics are directly measured, this discrepancy between measured and computed 
forces might well be reduced. 
Wave excitation forces are also reported in non-dimensional forms in the diffraction 
regime, using 3D-Green function method. Wave induced pressure distribution around 
the cylinder in regular waves have been measured and are reported as normalised 
pressures. Wave run-up on the cylinder surfaces has been measured and simple 
empirical formulae are presented for run-up calculations on the cylinder surfaces. The 
results of this investigation show that the cylinder aspect ratio plays major role on 
hydrodynamic force coefficients, dynamic pressure distribution and on wave run-up 
on cylinder surfaces. 
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1.1 General 
CHAPTERl 
INTRODUCTION 
A large variety of marine structures are used by the offshore industry for exploration 
and production of oil and gas. The move by the oil industry from shallow water 
conditions to moderate and deeper water has resulted in the development of a variety 
of new and innovative platform concepts. These include floating structures such as 
Tension Leg Platforms (TLP) and Semi-submersible Floating Production Systems 
(FPS). New generations of the above offshore structures, whose columns and 
pontoons are of square/rectangular cross-section geometry, are emerging. The 
construction cost with these sections may be considerably less than the conventional 
one with rounded or circular members. Rectangular sections have some advantages 
over the circular cylinders. The circular sections are usually much more expensive to 
build and to join together at nodes. The research into hydrodynamic wave-current 
loading on ocean structures has concentrated mostly on circular cross-section 
members and relatively limited work has been carried out on wave loading on other 
cross-sections such as rectangular section. 
Compared to the traditional steel-piled jackets installed in mature producing areas, 
design of these new platform concepts raises a number of issues in the kinematics and 
loading area that may not have been as significant as for conventional structures. 
Recent studies have shown that significant differences in loads can be calculated by 
different designers even for conventional structures in mature areas, depending on the 
assumptions made and design codes used. Design codes have been developed to 
ensure the adequacy of these structures and historical experience has demonstrated 
their reliability. The primary objective of the structural design is to fulfil some 
functional and economical criteria for the platform that support the topside facilities 
for oil operations. It is essential that the structure have a high reliability against 
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failure. Human lives and enormous investments are at risk when the structure is 
exposed to tremendous forces from wind, waves and current during a storm. The 
industries have, during the years, devoted much effort to improve design criteria, 
calculation procedures and construction to refine the balance between economical 
investment and structural safety. 
1.2 Objectives of the Study 
The very complex sea-state makes fluid loading prediction on offshore structures a 
very complex problem. In order to achieve a better understanding of the fluid 
mechanics associated with these flows, laboratory and field studies are essential. The 
literature survey, given in Chapter-2, indicates that in the past, not many 
investigations have been conducted on wave loading on rectangular cylinders 
compared to circular cylinders. Among the few research works carried out on square 
or rectangular cylinders, the different researchers have reported different results and 
conclusions and this may lead to difficulties in applying these results to the design of 
offshore structures. Moreover, experiments and investigations in laboratories and 
most of the published works correspond to small-scale experiments, usually carried 
out at Reynolds number too low to be a representative of real conditions. Information 
thus obtained cannot usually be confidently extrapolated to real sea conditions. 
In addition to this, experiments that were performed on circular cylinders in harmonic 
oscillatory flow have conclusively shown that drag and inertia coefficients in 
oscillatory flow are dependent on both Reynolds and KC numbers. Although 
rectangular cylinders are expected to be less Reynolds number dependent, some 
doubt must be attached to coefficients derived from small-scale, low Reynolds 
number experiments. In order to simultaneously attain the high Reynolds number 
and high KC numbers, conditions as seen in extreme storm waves, it is necessary to 
conduct experiments at much larger scales. Therefore, in the present investigation, 
large cylinder dimensions were chosen and the experiments were conducted for 
Reynolds numbers up to 1.18x lOs and frequency parameter up to 69235. The main 
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objective of the work is to evaluate in more detail than has been attained by earlier 
researchers on rectangular cylinders: 
(i) the effect ofrandom waves on the force coefficients of the cylinder 
(ii) the effect of co-existing waves and current forces on the cylinder 
(iii) the effect of depth variation on submergence of the cylinder (in the 
case of horizontal cylinders) 
(iv) wave induced pressures and 
(v) wave run-up on the cylinder 
The primary objective of the present study is to evaluate the hydrodynamic force 
coefficients for rectangular cylinders in waves and currents. The hydrodynamic 
loading from waves and currents on vertically and horizontally mounted rectangular 
cylinders of various aspect ratios are measured. Drag, inertia and lift coefficients, root 
mean square coefficients for in-line and lift forces for vertical cylinders and root 
mean square coefficients for horizontal and vertical forces for horizontal cylinders are 
derived and presented as a functions of Keulegan-Carpenter numbers. Diffraction 
forces are also calculated using 3D-Green function method and are compared with 
experimental results. Results of the measured wave run up on cylinder surfaces and 
wave induced dynamic pressures at a section of the cylinder due to waves are also 
reported. 
The objectives of the present study are listed in more detail below. It is hoped that 
this work will form new sources of information on the hydrodynamic behaviour of 
rectangular cylinders subjected to waves and currents. 
Two configurations are selected for the present study: 
1. Cylinder mounted vertically as surface piercing and 
2. Cylinder placed horizontally submerged with axis parallel to the wave 
crest 
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The cylinders tested are: a square cylinder and two rectangular cylinders. The tests 
are conducted at low KC numbers in the inertia-dominated regime, where 
measurements of in-line and transverse forces are made. The objectives are: 
• To carry out experimental investigations on the rectangular cylinders with 
different aspect ratio for regular waves 
Regular waves are generated in the wave tank with different combinations of wave 
height and wave period. Linear wave theory is employed to calculate the wave 
particle kinematics and the resulting forces. Morison's formula is then used in 
conjunction with linear wave theory to evaluate drag and inertia coefficients. Root 
mean square force coefficients and lift force coefficients are also calculated for all the 
cylinders. No velocity measurements are made but linear theory is expected to 
provide good velocity and acceleration estimate in the range of waves tested and 
symmetry of the zero current forces suggest that no significant unintentional current 
are generated along with the waves. 
• To investigate the forces on the cylinders due to random waves 
For regular waves, the hydrodynamic force coefficients are determined from accurate 
laboratory experiments and their dependence on the relevant governing parameters 
(Re & KC numbers) is determined. However, the applicability of such results to the 
more general case of random waves remains uncertain and it was therefore necessary 
to derive drag and inertia coefficients separately for random waves. In the present 
investigations, two different spectra namely Pierson-Moskowitz (PM) and 
JONSW AP (JS) with different significant wave heights and peak periods are used to 
generate random waves and forces. 
• To study the effect offollowing and opposing current in regular waves 
One of the major design elements in offshore engineering is the prediction of loading 
on members of offshore structures subject to wave and current action. The 
contribution of the load on offshore structures from ocean current is very significant. 
Hence, research related to determination of wave-current interaction is important. In 
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this work, the interactions between waves and currents on wave forces are studied. 
The current effect is produced by towing the cylinder in waves for various speeds. 
The cylinder is towed in regular waves for following (positive current) sea and head 
sea (negative current) to produce co-existing wave-current effect. 
• To study the wave induced pressures on a cylinder section 
In the past only a few works have been reported on the wave forces acting on 
square/rectangular cylinder. Research on wave induced dynamic pressures has not 
been reported for these cylinders. The wave induced dynamic pressures are measured 
in a section, around the cylinder in waves and the measured pressures are reported as 
non-dimensional pressures with wave-flow parameters. These results are used only to 
help to understand the flow pattern around the cylinders. 
• To study the wave run-up on cylinder surface 
The run-up (local) amplification of the incident wave amplitude around a vertical 
cylinder can, if severe enough, cause considerable structural damage to the deck and 
the various appendages beneath the deck. Severe run-up may lead to wave 
overtopping of the structure or create wave uplift forces on the underside of the 
structure. Sometimes, the run-up amplitude is more than twice the incident crest 
amplitude and in random seas as some large individual waves result two times the 
significant wave heights. In the past, the wave run-up measurements were made only 
for circular cylinders. In the present investigation, the wave run-up on the square and 
rectangular cylinders is measured on the front and side surfaces of the cylinder and 
new simple empirical formulae are developed based on the measurements. 
• To study the Wave forces on the cylinder in the diffraction regime 
The reason for introducing this objective is to evaluate numerically, the wave 
diffraction forces and the related force coefficients for rectangular cylinders for 
different aspect ratios. 
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1.3 Structure of the Thesis 
This thesis has been divided into seven chapters: 
• Chapter 1 - Explains the objectives of the study. 
• Chapter 2 - Presents a review of the literature, which has relevance to 
hydrodynamic loads on cylindrical offshore structures. 
• Chapter 3 - Describes the cylinder model and experimental set-up used 
for the force and pressure measurements on the cylinder. 
• Chapter 4 - Explains the theoretical backgrounds on the force 
formulation for regular and random waves, co-existing waves and 
currents. 
• Chapter 5 - Illustrates the data analysis methods used for the 
determination of force coefficients for regular, random waves and co-
existing waves and currents. 
• Chapter 6 - Devoted to discussions of the results and findings obtained 
for different flow conditions. 
• Chapter 7- Describes the overall conclusions of this study with 
recommendations for future work. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 General 
The literature of hydrodynamic loads on cylinders is reviewed in this chapter. A brief 
description on the wave force regime is given. The literature available on the loading 
due to steady flow, periodic flow and waves & currents in relation to circular and 
rectangular cylinders are discussed. 
2.2 Force Formulation 
Hydrodynamic force formulations on offshore structures are complicated by the many 
factors involved, such as the non-linear relation between water particle kinematics 
and water surface displacements, the turbulent flow process about a structural 
member, the natural variability of wave forces and the possibility of resonance 
between waves and structures. Five principal categories of factors important in 
computing hydrodynamic loading on offshore platforms composed of small diameter 
members are discussed with respect to their relations with the extreme and nominal 
loading categories (Bea and Lai, 1978); 
1. Nature of the problem 
2. Oceanographic conditions (methods used to describe wave heights, 
periods, directional spreading and currents) 
3. Wave and current kinematics (descriptions of water particle velocity-
acceleration magnitudes, time history and directional characteristics in 
free-surface and subsurface regimes, and interactions of waves and 
currents) 
4. Platform-wave-current interactions (close-spaced and inclined members, 
fouling, free surface effects, element forces and integrated result on 
platform system) 
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5. Force models (models used to translate kinematics to pressures including 
drag, lift and inertia as described by models such as those developed by 
Morison et al.(1950». 
Investigations in the past years have found it necessary to abandon any rigorous 
mathematical approach and take up something simpler for making any reasonable 
predictions of forces on offshore structures. The semi-empirical force model 
developed by Morison et a1. (1950) has been the most widely used method since its 
first introduction. This approach depends upon knowledge of water particle 
kinematics and empirically determined coefficients, namely the drag coefficient, CD 
and inertia coefficient, CM. 
Further problems in the prediction of loads on offshore Structure arise because of 
cylinder orientation and variation of flow conditions along the length of the cylinder. 
In waves, the incident flow is usually orbital with the type of orbit depending on the 
ratio of the wavelength to the water depth; the orbit typically being near circular for 
deep-water waves. A vertical cylinder will' therefore be subjected to different flow 
conditions including a span wise velocity component if it is long enough. A 
horizontal cylinder on the other hand may have the same incident flow along its span 
but the wake interaction would be different to that of a vertical cylinder; unless the 
orbit is flat. For the vertical cylinder, regardless of the orbit, the wake will be swept 
back against the cylinder; but for the horizontal cylinder the wake will in general 
follow the orbital path. Depending on the orbit, the vortices shed from the previous 
half cycle on a horizontal cylinder may be swept far enough away from the cylinder, 
so that when the flow reverses they may not significantly affect the forces on the 
cylinder. The horizontal and vertical cylinders in waves therefore represent two 
different flow situations. For cylinders inclined and yawed, the situation is even more 
complex, with wake interactions that are totally different to either of the two cases 
mentioned above. 
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2.3 Wave Force Regimes 
After substantial research, both the designer and researcher still face considerable 
problems in the prediction of loads on offshore structures. These problems arise for a 
number of reasons, but probably the most fundamental of all is a lack of 
understanding of the fluid mechanics associated with these complex unsteady flows 
generated in the sea. A brief description of the commonly used fluid loading regimes 
and the prediction methods used therein will help to illustrate some typical problems. 
These regimes may be broadly classified under the headings of pure reflection, 
diffraction, inertia and drag as illustrated in Fig.2.1. The regime will depend on two 
parameters relating to the size of the structure and to the flow conditions. The first of 
these parameters is the ratio of the diameter of the body (D) to the wave length (L) of 
the wave; which serves as a measure of the disturbance of the incident wave. The 
second is the Keulegan and Carpenter number (KC), which by definition is UmTID; 
where, Um = Amplitude of the orbital velocity, T= wave period and D is the diameter 
of the body. This was first introduced by Keulegan and Carpenter (1958), who used it 
to correlate their force data. The Keulegan and Carpenter number may be viewed as a 
parameter, which compares the path length of an orbiting fluid particle, with the body 
diameter and gives an indication of the flow development. It thus gives a measure of 
the relative importance of drag and inertia forces. There are no distinct boundaries 
separating these loading regimes and quite often structure experiences loads of 
different types. However within certain ranges of flow conditions one type of loading 
may prevail over another. 
Pure reflection of waves occur when DIL > I, and is of more significance in the design 
of coastal structures such as sea walls and breakwaters rather than in the design of 
offshore structures. 
Diffraction forces anse when DIL > 0.2; then, the presence of the body causes 
significant scattering of the incident wave and this effect must be taken into account 
in the calculation of the loads. In this analysis, viscous effects and hence drag are 
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usually neglected. In a typical analysis the structure is represented mathematically by 
a series of grids or elements, over which there are a distribution of sources, the nature 
of which depends on the type of structure and sea conditions. The velocity potential 
obtained from this source distribution must satisfy the boundary conditions on the 
body, at the sea surface, at the seabed and at large distances from the body. Further, 
the velocity potential includes a contribution due to the undisturbed incident wave 
(i.e. in the absence of the body), which gives rise to the Froude-Krylov force. The 
remaining part is the disturbance potential, which includes the effect of wave 
scattering, and a part, which includes the local flow disturbance, caused by the body, 
giving rise to the added mass effect. Considerable progress has been made in the 
diffraction analysis technique, and programs are now available which calculate the 
loads on and response of both fixed and floating structures. 
The diffraction analysis technique can also be used to calculate inertia coefficients of 
bodies of arbitrary cross-sectional shapes. When the body is no longer large 
compared with the wave length, wave scattering may be neglected, and in the absence 
of the body, the pressure gradient due to the undisturbed flow, and hence the 
acceleration may be assumed unifonn over the body. The calculated force is then all 
inertial from which the inertia coefficient may be obtained. 
Inertial loads are dominant when D/L < 0.2, and KC less than about 15, then the 
above assumptions are justified. These loads are composed of two parts, the Froude-
Krylov force (F KJ and an added mass effect. The Froude-Krylov force is the force 
that the fluid would exert on the body, had the presence of the body not disturbed the 
flow, i.e. due to the pressure gradient of the undisturbed flow, which maintains the 
fluid acceleration in the absence of the body. The predominance of inertia over drag 
at small values of KC, leads to prediction methods, which usually neglect viscous 
effects. However Graham (1978) has shown that for sharp edged bodies this 
assumption may not be justified, due to the formation of vortices. Graham also states 
that the effect of the growing vortices may be significant even in the diffraction 
regime. Here he showed that at low KC, the vortex induced drag component of the 
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force is related to the internal angle of the shedding edge of the body and to KC. For 
KC less than about 5, viscous forces, i.e. drag arising from separation and vortex 
formation, though significant for sharp edged bodies, not as important as inertial 
forces. As KC increases, these effects become more important, vortex formation and 
shedding occurs and this leads to asymmetry in the flow, which generates lift and 
torque on the body. In the region 5<KC<25 both inertia and drag are important and 
for this reason, it is commonly referred to as the drag/inertia regime. As KC increases 
above 25, the flow approaches a quasi-steady situation, and inertial effects are less 
important. 
2.4 Cylinder in Steady Flow 
Typically, offshore platforms comprise complex assemblies of circular cylinders and 
rectangular blocks. The flow over such bodies in isolation depends upon the relative 
dimension, lengthlbreadth (aspect ratio) and the velocity profiles of the fluid. The 
main feature of a flow past a body is the phenomenon of flow separation from the 
body surface and the resulting formation of a large wake behind the body. The 
presence of the wake alters the flow and the pressure distribution on the body 
resulting in deficit pressure downstream and excess pressure upstream. This 
difference of pressure between the front and the back of the body gives rise to a force 
called the pressure drag. Vortices form in the flow around the cylinder causing 
fluctuating forces both inline with and transverse to the flow direction. The vortices 
are shed alternatively from either side of a fixed cylinder producing an oscillating 
force across the stream, called the lift force. 
A flow may be laminar or turbulent. A laminar flow is associated with low Reynolds 
numbers and turbulent flow with high Reynolds number. At quite modest Reynolds 
numbers shear layer becomes turbulent immediately after separation and for higher 
Reynolds numbers the flow pattern and drag coefficient are in general sensibly 
constant. This statement applies to circular cylinder and the same holds good for 
rectangular cylinders as well. Bearman and Trueman (1971) conducted experiments 
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on rectangular cylinders in the range of Reynolds number 2x 1 04 to 7x 104and their 
results are similar to those obtained by Nakaguchi et al.( 1967) with Reynolds number 
of 6xl04. They reported that sharp-edged separation would be free of any Reynolds 
number effects at these comparatively high Reynolds numbers. A number of other 
researchers [Bostock & Mair (1972); Re = 2x 1 04 -7x 105, Courchesne & Laneville 
(1982); Re = 4x104-lxl05] have chosen this range of Reynolds number for 
rectangular cylinders as the drag coefficients are free from Reynolds number effect. 
2.4.1 Circular Cylinder 
The purpose of reviewing the flow behaviour around circular cylinders is to assist the 
understanding of the effects of vortex shedding on the consequential effects on 
transverse forces. For smooth or slightly rough cylinders, the basic effect of 
Reynolds numbers is important as shown in Fig. 2.2. With increasing Reynolds 
number, the position of the separation point, associated with transition from laminar 
to turbulent flow moves progressively forward. In the sub-critical region the laminar 
boundary layer separates ahead of the 90° position and this leads to large wake width 
and high drag. In the critical region, there is still a separation of the laminar 
boundary layer but this is followed by turbulent mixing and flow re-attachment. 
Further round the cylinder, at about 120°, the flow separates but the wake width is 
reduced and the drag is low. In the post-critical region, the boundary layer is 
turbulent ahead of the separation and the wake width increases, leading to an increase 
in drag to the post-critical level. Further increase in Reynolds number leads to 
changing boundary layer thickness and some variation of CD in the post-critical 
plateau, but the changes are now far less marked than the critical region. Surface 
roughness moves forward the position of transition to turbulent boundary layer and of 
flow separation with consequent increase in drag. The vortex shedding becomes 
stronger as Reynolds number is increased to the post-critical region. 
The flow patterns associated with different flow regimes are also sketched in Fig. 2.2. 
At sub-critical Reynolds numbers the flow separates from the surface as a laminar 
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boundary layer at position LS. The shear layer marks the boundary of the separated 
wake flow. At some distance, downstream the flow in the shear layer becomes 
unstable and transition from laminar to turbulent flow occurs. As the Reynolds 
number increases transition occurs progressively nearer to the separation point. 
Eventually, in the critical flow regime, transition occurs so close to separation that the 
increased efficiency of momentum transfer enables the previously separated layer to 
re-attach and flow along the cylinder surface once more. The flow re-attaches as a 
turbulent boundary layer is able to remain attached to point TS. With further increase 
in Reynolds number, transition from laminar to turbulent flow occurs in the attached 
laminar boundary layer and the separation bubbles disappear. The separation points, 
TS, move gradually forward. At very high Reynolds numbers the situation stabilises, 
transition occurs towards the front stagnation point and CD becomes constant and 
independent of Reynolds number. The variation of flow patterns around a smooth 
circular cylinder with Reynolds numbers was investigated using wind tunnel 
measurements and flow visualisations by many researchers, among the pioneers were 
Delany and Sorensen (1953), Roshko (1961), Roshko and Fiszdon (1969). Roshko 
and Fiszdon (1969) have shown that when the Reynolds number lies between 1 and 
50, the entire flow is steady and laminar. In the range of Reynolds numbers from 
about 50 and 200, the flow still retains its laminar character but the near wake 
became unstable and oscillates periodically. At Reynolds numbers below 1500, 
turbulence sets in and spread downstream. 
In the region between about 1500 and 2x 105, the transition and turbulence gradually 
moves upstream along the free shear layers and the wake became increasingly 
irregular. When the transition coincides with the separation point at Reynolds 
number of about 5xl05, there is a laminar separation, which is then followed by 
reattachment to the cylinder, and then a turbulent separation occurs resulting in a 
narrower wake. This results in a large fall in the drag coefficient, phenomenon known 
as 'drag crisis'. The transition in the drag coefficient between Reynolds numbers of 
about 5x 1 05 and 7x 1 05 is interpreted as the transition of the separated boundary layer 
to a turbulent state, the formation of a separation bubble, reattachment of a rapidly 
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spreading turbulent free shear layer, and finally separation of the turbulent boundary 
layer at a position further downstream from the first point of laminar separation. 
The reduction of the wake size as a consequence of the retreat of the separation points 
results in a smaller form drag. The subsequent increase in the drag coefficient 
between Reynolds numbers of about 106 and 107 is then interpreted to be a 
consequence of the transition to a turbulence state of the attached portion of the 
boundary layer. At very high Reynolds numbers several orders of magnitude larger 
than 107, drastic changes are not likely to occur in the boundary layers and the drag 
coefficient is not expected to be too much affected. 
2.4.2 Rectangular Cylinder 
The detailed information regarding forces and flows around rectangular cylinders in a 
uniform flow is of special interest and of great importance for engineering 
applications. The forces and pressures acting on bluff bodies, such as rectangular 
cylinders, in a steady flow and resulting wake and flow patterns are studied by many 
investigators (Taneda (1959), Taneda (1963), Nakaguchi, Hashimoto and Muto 
(1968), Bostock and Mair (1972), Otsuki et al. (1974), Laneville et al (1975), 
Nakamura and Mizota (1975), Courchesne and Laneville (1979), Okajima (1982), 
Okajima, Mizota and Tanida (1983), K wok( 1983) and Davies et al.( 1984». 
When the Reynolds number is sufficiently large, a complicated turbulent vortex 
system is formed behind bluff bodies placed in a flow field. This vortex system plays 
an important role in determining the hydrodynamic forces acting on bluff bodies. At 
extremely low Reynolds numbers, the separation of flow around smooth rectangular 
cylinders is known to occur at the trailing edges rather than the leading edges where 
the separation is indiscernible owing to immediate reattachment. As the Reynolds 
number increases, the flow separation at the leading edges will develop and the 
steady reattachment becomes impossible. At sufficiently high Reynolds numbers a 
complicated vortex system is formed behind the bodies. This vortex system 
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detennines the hydrodynamic (or aerodynamic) forces acting on these bluff bodies. In 
steady flow, the character of the vortices shed immediately behind the cylinder and in 
the wake further downstream is strongly dependent on the Reynolds number; more 
explanation for this statement is given below with reference to the work by Okajima 
(1982). This The shedding frequency,!o is given in the dimensionless fonn, S = 
faDIV, called Strouhal number, where, D is the body diameter (or size) and V is the 
velocity of the ambient flow. The Strouhal number characterises the periodic 
behaviour shown by the fluctuation of the flow in the wake behind the cylinder. 
Roshko (1955) reported that for bodies having the same frontal area, e.g. a circular 
cylinder, a 90° wedge and a flat plate, the bluffer the body tends to be, the larger was 
the wake created behind it and this resulted in higher drag force. Delany and Sorensen 
(1953), investigated the effect of the aspect ratio at rather large Reynolds numbers 
between 1.1xl03 and 2.3xI06, found that as the aspect ratio (height to width ratio, 
diD) increased from 0.5 to 2, the drag coefficient decreased from 2.2 to 1.4. They also 
measured the effect of comer radius and found that the drag coefficient of sharp 
edged cylinders reduced significantly when the comers were rounded. For example 
for a square cylinder with riD = 0.167 (where, r is the comer radius), they reported, a 
drag coefficient of 1.2 at Reynolds number of 2x 1 OS compared with a value of 2.0 
found with a sharp edged square cylinder. 
Okajima conducted experiments on rectangular cylinders with different width to 
height ratios (BIH = 1, 2, 3 and 4) in wind tunnel and also in water tank and found 
that at certain range of Reynolds number the flow pattern changes with a sudden 
discontinuity in Strouhal number if plotted against Reynolds number. The range of 
Reynolds number obtained in wind tunnel varies between 200- 2x I 04 and in water 
tank is about 300. Okajima reported the following: 
I. Square cylinder [BIH=I, Fig. 2.3(a)]: In the range of Reynolds number (Re) 
between 102 and 2xl04, the Strouhal number (S) for square cylinder show 
slight change and it takes a value of 0.13 for high values of Reynolds number 
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between 104 and 2xl04, which is in close agreement with data by Nakaguchi 
et a1. (1968). 
2. Recatngular cylinder [BIH=2, Fig. 2.3(b)]: A discontinuity in the Strouhal 
number curve at Re = 500 is seen and this is linked with sharp peaks observed 
at two predominant frequencies in the power spectrum of the fluctuating 
velocity in the wake of the cylinder. At Reynolds number below this value, 
Strouhal number increases with increase in Re, reaching a value of 0.18 at 
Re = 500. Then a sharp decrease in the Strouhal number occur and this is 
related with sudden changes in the flow patterns. For Re>600, the lower 
frequency component becomes dominant with increase in Strouhal number. 
For Re>5xl 03, Strouhal number remains almost constant at 0.08-0.09. 
3. Rectangular cylinder [BIH = 3, Fig.2.3(c)]: At Re < 1000, the wake velocity 
oscillates sinusoidally with a single sharp peak in the power spectrum. For Re 
from 103 to 3x 1 03, the spectrum has more than one peak associated with 
complicated changes in the flow patterns. At Re = 1000, one small peak occur 
in the lower frequency range in addition to the dominant peak in the spectrum 
and the Strouhal number at this stage is 0.16. At Re= 1220, two different kinds 
of signal of quite different amplitude and frequency, appeared alternatively in 
the same record. One had a regular shape (known as mode-I) with small 
amplitude and high frequency (S = 0.16) and are intermittently replaced by 
the other waves with larger amplitude and lower frequency (known as mode-
II). Mode- II waves are irregular in shape and resolved into two dominant 
peaks with S = 0.06 and 0.12. Therefore, it is evident that in this region of Re, 
three distinct values of Strouhal number are obtained for one value of 
Reynolds number. A further gradual increase of Reynolds number in this 
region leads to the disappearance of mode-I accompanied by the development 
of mode-II and at high Reynolds numbers, mode-II remains dominant and the 
value of Struohal number reaches 0.16 to 0.17. 
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4. Rectangular cylinder [BIH = 4, Fig. 2.3(d)]: In this case the Strouhal number 
is almost independent of Reynolds numbers. The velocity signals are regular 
in shape resulting a single sharp peak in the spectrum. 
Vickery (1966) measured the fluctuating lift and drag on a long square cylinder. The 
measurements include the correlation of lift along the cylinder and the distribution of 
fluctuating pressure on a cross section. Vickery noted that the presence of a large 
scale turbulence in the stream had a marked influence on the magnitude of both the 
steady and the fluctuating forces and reported that the changes with turbulence 
include an increase in wake pressure and a reduction in fluctuating lift of about 50%. 
The magnitude of the fluctuating lift was found to be considerably greater than that of 
a circular cross-section and the span wise correlation was much stronger. 
Bearman and Trueman (1972) measured the base pressure coefficient, drag 
coefficient and Strouhal number of rectangular cylinders and confirmed that the drag 
coefficient rises to nearly 3.0 when the depth of the section is just over half width. 
They observed a maximum value of drag coefficient of 2.94 for aspect ratio (d/h, h 
being normal to the flow) = 0.62. They argued that for small values of aspect ratios, 
the effect of the body downstream of separation is to reduce the size of the separated 
wake cavity, thus leading to a decrease in base pressure and an increase in drag. In 
the case of higher values of aspect ratios (dlh > 0.6), they suggested that the vortices 
are forced to form further downstream because of the influence of the trailing edge 
comers, thus resulting in a reduction of drag. Therefore, the further the vortices are 
persuaded to form away from the body the higher the base pressure and hence lower 
the drag. 
Laneville and Williams (1979) performed tests to investigate the effect of intensity 
and large scale turbulence on the drag coefficient of two-dimensional rectangular 
cylinder and found that the effect of large scale turbulence is not significant while the 
effect of turbulence intensity is important. It was also reported that the drag 
coefficients for a given 2D rectangular cylinder is reduced as the intensity of 
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turbulence increases, for cylinders with aspect ratio (HID, D is the dimension normal 
to the flow) of 0.63 or greater. For cylinders with 0.5<HID<0.63, the drag coefficient 
for a given cylinder increases to a relative maximum as the intensity of turbulence 
increases, and then decreases. In another study by Laneville and Y ong (1983) the 
square-section cylinder was extremely sensitive to upstream turbulence level and 
showed that a free stream turbulence level of 10% can reduce the drag coefficient 
from 2.2 to about 1.5. The presence of free stream turbulence seems to accelerate the 
growth of the separated shear layers to such an extent that some reattachment, or at 
least some interference between the shear layers and the rear edges takes place, and 
thus results in a drag coefficient smaller that that for smooth flow. 
Obasaju (1983) studied the changes that take place in the flow around a square 
section cylinder for different angle of incidence from 0° to 45°. it was observed that 
as the incidence is increased from 0°, the Strouhal number at first decreased slightly 
and then increased sharply to a maximum at 13.5° incidence, which is the incidence 
where re-attachement of the shear layer is expected to commence. Sub-harmonic 
peaks were found in pressure and velocity spectra at 5° and 10° incidence and it was 
suggested that they may have been caused by an interaction between the vortex and 
trailing edge comer. Thus, the foregoing discusions provides some idea about the 
flow pattern and forces on a rectangular cylinder subjected to steady flow. 
2.5 Cylinder in Periodic FlowlWaves 
2.5.1 Circular Cylinder 
Most of the published literature on hydrodynamic interactions with the cylinder of 
various shapes were focused on the variation of CD and CM with the non dimensional 
flow parameters, namely Reynolds number, Re (= UmaxDlv.. Umax = Maximum 
horizontal particle velocity, D = Diameter of the cylinder, v = Kinematic viscosity ) 
and Keulegan- Carpenter number, KC ( = UmaxTID; T = wave period). Extensive 
effort has been made in the past for obtaining prototype and laboratory values of the 
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force coefficients connected with the Morison's equation. Tests were performed in 
different flow conditions, e.g. accelerating flow, planar oscillating flow, simulated 
waves, laboratory waves, and sea waves. 
Keulegan and Carpenter (1958) used Morison's equation to represent the force. Here 
forces were measured on several flat plates and circular cylinders, placed at the node 
of a standing wave. By comparing Morison's equation with Fourier series solution for 
CM and CD, the time dependent values of these coefficients were obtained. However, 
they used only the first term of these series and obtained constant values, averaged 
over the cycle for the drag and inertia coefficients, which they found, correlated well 
with the parameter now called the Keulegan - Carpenter number. Other measured 
quantities, namely the maximum force and the phase of the maximum force also 
correlated well with KC. The predicted force, obtained by substituting the calculated 
values of CM and CD in Morison's equation agreed fairly well with the measured 
force on the circular cylinder, except in the vicinity of KC about 15. In general the 
agreement on plates was not so good. One of the most surprising results that was 
reported by Keulegan and Carpenter, is that no correlation with Reynolds number was 
obtained, neither for the flat plates nor the circular cylinders. 
Subsequent re-plotting of Keulegan and Carpenter's data both by Sarpkaya (1976a) 
and by Garrison, Field and May (1977) showed some dependence on both drag and 
inertia coefficients on Reynolds numbers. This lack of Reynolds number dependence 
was also overlooked earlier by Sarpkaya (1975). A probable reason for this was that 
the apparatus used both by Keulegan and Carpenter and by the above mentioned 
authors did not allow a systematic variation of Reynolds number, as changing KC 
resulted in a corresponding change in Reynolds number. However, for any given 
body size at the same relative oscillation frequency, the ratio of the Reynolds number 
to KC is constant. This constant termed f3by Sarpkaya and is defined as D2/yT, where 
D = diameter of the body, r = kinematic viscosity, T = period of oscillation. This 
parameter therefore gives a measure of the importance of Reynolds number. By 
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plotting Keulegan and Carpenter's data for different P values, Sarpkaya was able to 
observe trends with Reynolds number. 
Sarpkaya (1976a, 1976b) carried out extensive measurements of both in-line and 
transverse forces on smooth and rough circular cylinders at high Reynolds numbers in 
a rather large U-tube water tunnel. These results showed significant influence of 
Reynolds number on both the in-line and transverse force. For smooth circular 
cylinders and for Re < lOS. drag coefficient was found to be higher than the steady 
flow value and inertia coefficient lower than the potential flow value of 2.0. For 
Re > 1 05 and KC >20, the value of drag coefficient was found similar to the post 
supercritical steady flow value of 0.68. For KC = 20 and Re >105, inertia coefficient 
was found to have a value of 1.75. It was found that CM, CD and CL were dependent 
on the KC and Reynolds numbers and the roughness of the cylinders. The frequency 
parameter, {3 was introduced to eliminate the maximum water particle velocity 
appearing on both Reynolds number and KC numbers and correlated all the data with 
the KC number for fixed values of (3. It is a convenient parameter for period flows 
since, for a given model size and fluid, the frequency parameter depends only on the 
flow frequency, whereas the Reynolds number depends on both the flow frequency 
and amplitude of oscillation. Sarpkaya (1976b) also reported that for Reynolds 
numbers less than 2x 1 04 these coefficients do not vary appreciably with Reynolds 
number and this explains why this dependence was overlooked in previous studies by 
Keulegan and Carpenter (1958). Sarpkaya also observed that when Keulegan and 
Carpenter's data was re-plotted for different P values, CM appeared to decrease with 
increasing p. 
The effect of transverse or lift forces on circular cylinders, both in steady flow and in 
unsteady motion is well recognised. In a study of lift forces on vertical piles in 
waves, Bidde (1971) observed that these forces could sometimes be as much as 60 % 
of the longitudinal force. Here however, there was a substantial gap between end of 
the pile and the test bed, thus leading to some 3-dimentional end effects, which may 
reduce the lift. 
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Isaacson and Maull (1976) also measured transverse forces on vertical cylinders in 
waves. This work was similar to Bidde's work, but root mean square and maximum 
values showed a peak at KC around 10. Spectral analysis showed that in this range of 
KC number, the dominant lift frequency was twice the wave frequency. They also 
explained the lift generation in terms of vortex patterns. 
Sarpkaya (1975) also measured lift on circular cylinders, but in a harmonically 
oscillating flow. They observed that the maximum lift force could sometimes even 
exceed the maximum in-line force. They found good correlation of the maximum lift 
force with KC. However, the lift curve also showed peaks at KC = 10 and 17 and a 
trough at around KC = 15. These results also exhibited remarkably little scatter, 
except in the region of KC between 20 and 25. These tests were conducted for 
Reynolds number up to 5 xl 0 4 and no Reynolds number dependence was observed 
in this work. However, in the later studies [Sarpkaya (1976a, 1976b)], it was reported 
that the force coefficients are in fact functions of Reynolds numbers. It is also to be 
noted that except the work done in 1975, in the rest of his works, Sarpkaya 
demonstrated that the force coefficients are dependent on the Reynolds number. 
Sarpkaya (1976a, 1976b) extended the Reynolds number range to about 106 and 
tested both smooth and rough cylinders in an oscillatory flow. Results presented 
show that the lift force on smooth cylinders was dependent on Re number for Re > 2 
x 104, and on KC, reaching a single peak at KC between 10 and 15. As the Reynolds 
numbers increased the lift dropped and at around Re ~ 106 it was almost constant at 
about 0.2. The lift frequency and Strouhal numbers were also dependent on KC and 
Re numbers. 
Both in-line and transverse forces were also measured by Maull and Milliner (1978) 
on a circular cylinder in a sinusoidal flow generated in U -tube water tunnel. An 
alternative method of describing the in-line force in terms of the root mean square 
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(rms) of the measured force was presented. Good correlation between the rms force 
coefficient and KC was achieved. 
The effect of water particle orbital ellipticity was investigated by Maull and Norman 
(1979). They reported that the orbital ellipiticity influences the values of the 
coefficients of drag, inertia and transverse forces and their variations with parameters 
KC and Re numbers. Chakrabarti (1980) measured the wave forces on vertical 
circular cylinders in shallow water conditions and found that the drag and inertia 
coefficients agreed well with those of Sarpkaya. However, for KC number to about 
300, Sarpkaya's measurements had led to higher forces than those measured on 
structures in deep water waves. 
Chaplin (1984a) measured forces on a submerged horizontal cylinder with cylinder 
axis parallel to the wave crests and discussed about the non-linear contributions to the 
loading on the cylinder in details. The author reported that the dominant non-linear 
contribution to the loading is at the third order in the wave amplitude and its 
magnitude was found to be one-half that of inertia force for KC approaching 2.0 and 
the author suggested that the third order force is associated with circulation generated 
by steady streaming in the oscillatory boundary layer on the cylinder. 
Chaplin (1988b) studied the loading on a series of smooth circular cylinders in 
elliptical orbital flow by driving the cylinder around elliptical paths through water at 
Reynolds number in the range of 70,000 to 222,000 and KC numbers between 6 and 
20, with ellipticities between zero and unity. The author found that the rms force 
coefficient, drag coefficient and inertia coefficient are diminishing with increasing 
ellipticity. As the ellipticity (say, E) of the flow was increased, inertia coefficient was 
found to decrease, typically from 1.8 at E = 0 to about 0.8 or less around E = 0.9. The 
drag coefficient was also found to decrease as E increased. The author suggested that 
the fall in CM from its planar oscillatory flow (E = 0) value to about unity for circular 
orbital flow (E = 1.0) was due to the generation of circulation around the cylinder 
which induced a lift force acting in the opposite direction to the inertia force. The 
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author compared the measurements on horizontal and vertical cylinders in waves in 
similar conditions and suggested that the effect of ellipticity is stronger in oscillatory 
unifonn flow than in waves. 
Chaplin (1988c) conducted experiments on a 0.5 m diameter smooth horizontal 
cylinder at depths of submergence of 1.5m, 2.5m and 3.25 m from the flume bed in a 
water depth of 5.0m. The tests were conducted at Reynolds number around 1.0x 1 05 at 
low KC numbers below 7. It was observed that the loading on the horizontal cylinder 
in waves is influenced by circulation (a steady vortex motion around the cylinder). 
The measurements also revealed non-linear loading on the cylinder and substantial 
reduction in inertia coefficients and the author concluded that this reduction is caused 
by circulation around the cylinder. 
Hayashi and Chaplin (1989) investigated the characteristics of lift forces acting on a 
rigid vertical cylinder in regular waves, covering Reynolds numbers in the range of 
1200 to 9000 and KC numbers in the range of 7 to 37. They discussed on the 
relationship between the effective lift coefficients for the first four hannonics and the 
characteristic KC number for three values of wave depth parameters (/cd = 0.735, 
1.01 and 1.79). The authors concluded that the fundamental frequency component of 
the lift coefficient dominates for KC less than about 7. The second frequency 
component dominates for the range of KC between about 7 and 20. The third 
frequency component dominates for KC between 16 and 25. They reported that the 
second frequency component of the lift coefficient takes higher values compared with 
other frequency component lift coefficients and the second frequency component 
results in peak values for all wave depth parameters at about KC between 8 and 20 
and this result again confinns the works reported by Isaacson and Maull (1976). Yu 
and Miso (1989) analysed transverse forces acting on a circular pile in regular and 
irregular waves. The authors reported that the resultant of inline and transverse forces 
in regular waves is 40% larger than the inline force and in irregular waves, the 
resultant force is 18% larger than the inline force. 
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Koterayama and Nakamura (1992) carried out field tests on a surface piercing vertical 
circular cylinder of 0.5m diameter over a two year period to obtain drag and inertia 
coefficients using an ocean research platform in a water depth of 15m. The Authors 
defined the Keulegan Carpenter number, KCI/3 by the diameter of the cylinder and the 
significant orbital displacement HII3 of that at still water surface. The values of CD in 
the range of KC'/3 > 10 are larger than those of laboratory experiments at Reynolds 
number (Re = 5 x 106). The values of CD and CM. when plotted with Kcl/3, are found 
to be 0.9 and 1.3 respectively. The authors compared their results with the laboratory 
measurements of Kasahara et al (1987) for the corresponding Reynolds and KC 
numbers and found that the CD and CM were 0.6 and 1.6 respectively. They also 
reported that when the directional spreading of the wave is taken into consideration, 
the time series of orbital motion contributing to the wave force would decrease and 
the values of drag and inertia coefficients become larger by 5 to 6% and the effect of 
breaking waves in wind increases the wave force by 10%. A good discussion on the 
force coefficients for rough cylinders was also presented by the authors and they 
reported that CD and CM of a rough cylinder are larger than those of a smooth 
cylinder. The authors also reported that the values of CD and CM. from least squares 
fit of a complete force time series, are well arranged as a function of Kcll3, but those 
defined by least squares fit on wave-by-wave basis result in wide scatter. Further, the 
authors confirmed that the ocean wave forces on a surface piercing cylinder can be 
represented by Morison's Formula with an accuracy 0[90% and the remaininglO% is 
attributed to the breaking wave forces in wind waves. 
Other notable contributions on the forces on circular cylinders are by Ramberg and 
N iedzwecki (1979), Pearcey (1979), Bearman et a1.( 1979), Chaplin ( 1984b), 
Chaplin( 1985), Heideman and Sarpkaya (1985), Chaplin( 1988a), Bearman (1988), 
Davies et a1. (1990), Li and Ye (1990) and Burrows et a1.( 1997). 
2.5.2 Rectangular Cylinder 
Semi-submersible drilling rigs and Tension Leg platforms with rectangular cross-
section members are emerging. The incentive for the new designs is the reduced 
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capital cost from the flat plate construction. The good performance in waves is 
mainly caused by the reduction of the wave forces due to the deep submergence of 
the main buoyancy chambers. The geometry of the above structures is determined 
such that the wave force cancellation effect occurs at the most advantageous 
frequency, which arises because the instantaneous upward wave force caused by the 
vertical columns can be cancelled out by the downward wave force on horizontal 
members. To determine the geometry, the accurate predictions of the hydrodynamic 
forces acting on the members of the unit are required. A very limited literature is 
available for rectangular cylinder in waves. 
Sharp edged cylindrical bodies, such as square sections, rectangular sections and flat 
plates develop wider wake and shed vortices in oscillatory flow even at very low KC 
values. As a result of this they experience larger drag coefficients than circular 
cylinders. Bearman et a1.(1979) conducted experiments in a U-tube water tunnel on 
flat plates, circular, square and diamond cross section (flow is normal to the diagonal 
of the square section) cylinders to obtain CD & CM and found that the variation of 
CM with KC showed different behaviour for different sections (Fig.2.4). At low KC 
numbers (KC5.lO), the values of CD for flat, square and diamond sections were 
generally found to be decreasing with increasing KC compared with circular cylinders 
for which the drag coefficient increases with increase in KC up to KC~ 10. The 
authors found that at small KC numbers, CD for a circular cylinder approached zero 
whereas, for flat plates it attained a very high value following an asymptotic trend 
similar to that found by Keulegan and Carpenter (1958). Beyond the range of KC 
equal to 10 to 15, the curves for circular, flat and diamond sections show a similar 
trend. The square cylinder showed the highest value of CM compared with other 
sections. Bearman et a1. (1979) also measured a force coefficient derived from 
Morison equation in terms of non-dimensionalised root mean square force during a 
cycle. The variation of this force coefficient with the KC number showed the same 
behaviour for all the body shapes. At small KC numbers the force coefficient has a 
high value and then decreases gradually as the KC number increases before becoming 
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constant. The flat plates and square cylinder have the largest value of the force 
coefficient, particularly at low KC numbers. 
Graham (1978,1980) derived theoretical expressions for inertia and drag coefficients 
for square and diamond cylinders due to the forces induced by separation and vortex 
shedding from sharp edged bodies in oscillatory flow at low Keulegan-Carpenter 
numbers and compared with experimental results. The theory was based on the 
assumption that at low KC numbers, vortices were not convected by the oscillatory 
flow far from their point of origin. The author found that the theoretical values of the 
different body shapes did agree with the trends of the measured data for KC numbers 
less than 10. But the agreement deteriorated for KC numbers over 10. 
Singh (1979) carried out experiments with circular, square and a diamond cylinder 
and three flat plates in a planar oscillatory flow. From flow visualisation he observed 
similar flow patterns on the sections with the exception of square cylinder which 
resulted in the in-line force being similar on these sections. Large vortices were 
fonned for KC numbers 10 and 25. For KC numbers less than 5, the pattern on all the 
sections was more or less symmetrical, and on the flat plate, diamond section weak 
vortices were observed which resulted in a drag force still important in low KC 
numbers. On the circular cylinders the flow remained attached over most of its 
surface and on the square section the flow separated on the front face and weak re-
circulation was observed on the upper and lower surfaces. Singh (1979) concluded 
that of the four sections, the flat plates experienced the largest forces and the circular 
cylinder would be the best shape for the design purpose as it experienced the smallest 
in-line forces. Comparing the results of circular cylinder with previous result, inertia 
and drag coefficients obtained by Singh (1979), revealed considerable amount of 
disagreement particularly when comparison is made to Sarpkaya's data for KC 
numbers 10 and 20. Singh (1979) found no obvious explanation for this difference 
and suggested that this might be due to different data analysis technique and to the 
manner in which the oscillations in the V-tube were produced. Again large 
discrepancies in CM and particularly CD throughout the KC number range were found 
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for flat plates when Singh (1979) compared his results with those of Keulegan and 
Carpenter (1958). The CD and eM measured by Singh (1979) were found to be lower 
than those measured by Keulegan and Carpenter. The largest discrepancy was found 
for CD at low KC numbers where the drag coefficient measured by Keulegan and 
Carpenter was considerably larger than that measured by Singh (1979). 
Tanaka et al. (1982) carried out experiments with rectangular cylinders oscillating 
horizontally in still water to measure drag and added mass coefficients. The aspect 
ratios and comer radius of the cylinders were systematically varied for various angles 
of flow attack to determine the effects on CA and CD. For a square cylinder Tanaka et 
al. (1982) found no significant dependence of CA and Co on Re number (the range 
considered was up to lOx I 04). However, a dependence on the KC number was found 
to exist for all cylinders. On the effect of comer radii, CA and CD were found to 
decrease for increasing comer radii. For cylinders with small corner radius CD 
decreased rapidly as KC number increased in the region of low KC numbers, and 
became constant for higher KC numbers. As the comer radius become smaller, the 
decrease of CD was more gradual. On the effect of aspect ratio CA and CD, were 
found to increase as aspect ratio reduced below 1.0. 
Bearman et al. (1984) carried out experiments in a V-tube water tunnel generating 
planar oscillatory flow, The cylinders investigated were square and diamond 
cylinders and the aim of the work was to investigate the effects of the corner radius 
on the hydrodynamic forces. The tests were conducted with KC number varying from 
1 to 100 and the Re number in the range of 200 to 2xl04. For both the square and 
diamond cylinders, it was found that at low KC number, drag coefficients decreased 
with increasing comer radius( riD, the corner radius equal to 0, for sharp edged 
section and equal to 0.5 for a circular section, see Fig. 2.5). The reduction of CD 
caused by the rounding of corners was more marked at low KC numbers. At high 
KC, the square section is more sensitive to changing the comer radius than the 
diamond. The drag of the square cylinder with riD = 0.265 drops to as low as one-
third of the value for sharp edged cylinder when KC is higher than about 80 and the 
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drag of this section is about half the value for a circular cylinder when KC is above 
10. The values of drag coefficients measured in oscillatory flow at high KC decreased 
more rapidly with increasing corner radius than the values measured in steady flow at 
sub-critical Reynolds numbers. The authors concluded that there is an optimum 
corner radius 0.265 < riD < 0.5 giving minimum drag force. The authors also 
suggested that the drag coefficient is more sensitive to corner radius in oscillatory 
flow because of turbulence in the ambient flow which causes the flow separation to 
be delayed and to occur further downstream, resulting in a larger reduction in drag 
coefficient. Regarding the inertia coefficients, the circular and diamond cylinders 
show a minimum value of CM when KC lies between 10 and 13, whereas, the square 
section shows less variation with KC. For KC ~ 13, values of inertia coefficients for a 
diamond cylinder decrease with increasing corner radius, but the data for the square 
cylinders exhibit an opposite trend. 
Bearman et a1. (1985) carried out experiments at low KC numbers in a U-tube on 
circular, square and diamond cylinder and a flat plate horizontally mounted. They 
also conducted an inviscid theoretical analysis to compare the theoretical values of 
inertia CM and drag CD coefficients with those obtained experimentally. This theory 
is claimed to be valid for KC numbers less than 3. The authors found that in the case 
of the flat plate, the theoretical predictions of inertia and drag coefficients are good. 
However, in the case of the square and diamond cylinder, the theory over predicted 
the magnitude of the drag coefficients by about 20% through the measured drag 
coefficients followed the predicted trends. The prediction of the inertia coefficient 
was reasonable in the case of the square cylinder, but less in the case of the diamond 
cylinder. When the KC number exceeded 3, the measured drag coefficients for all 
three sharp-edged cylinders are found to vary similarly with the KC number, 
suggesting that all the cylinders may have a similar vortex shedding pattern. 
Ikeda et a1. (1988a) carried out experiments on cylinders of different shapes 
horizontally submerged in regular waves at low KC numbers. The cylinders 
investigated were a circular cylinder, a square cylinder and a diamond cylinder and a 
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flat plate. For a flat plate, Ikeda et at. found that CM and CD measured in waves are 
lower that those measured in oscillatory flow (Tanaka et at. (1980». When the KC 
number is very small, the variation of CD with the KC number shows a different 
pattern for different geometrical shapes. From flow visualisations. the authors 
observed that the behaviour of vortices around the plate is very different from that of 
plane oscillatory flow. The authors also pointed out that the behaviour of vortex 
shedding in regular waves is different from that of oscillatory flow. A circulating 
flow around the plate was also observed in regular waves but not as strong as the flow 
around circular cylinders. The authors suggested that the decrease of inertia 
coefficient with increasing KC numbers was due to circulation. For a square cylinder, 
CM decreased rapidly with increasing KC numbers, similar to the case of a circular 
cylinder, and reached a minimum value at about KC = 4.5, and then increased. From 
flow visualisation of a square cylinder, a strong circulation was observed as in the 
case of a circular cylinder. In the case of a circular cylinder, two anti-clockwise 
vortices released in one wave cycle were observed, but in the case of the square 
cylinder, four vortices one at each comer were observed. The diamond cylinder in 
waves had different CM and CD coefficients from that of a square cylinder with KC 
number and also they were different from those measured in oscillatory flow 
(Bearman et a1.(1984». The two extreme cases found are the circular cylinder and 
the flat plate. In the case of a circular cylinder CD approaches zero as KC approaches 
zero, for a flat plate CD approach '00' as KC approaches zero. The reason for this is 
that sharp-edged cylinder sheds vortices in oscillatory flow even at very low KC 
numbers, and it is believed that the large values of CD coefficient are associated with 
the behaviour of the vortices. 
Ikeda et a1. (1988b) investigated experimentally the viscous forces acting on a lower 
hull (a rectangular cylinder with rounded comer with aspect ratio = 0.533) 
horizontally submerged with its axis parallel to the wave crest and found that at low 
KC numbers, the inertia coefficients decrease rapidly with increasing KC number and 
it has been concluded that this decrease in inertia force is due to Magnus effect (a lift 
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force effect produced by a circulating flow). Another notable contribution to wave 
loads on vertical rectangular cylinder was made by Hamel Derouich (1992). 
Chaplin and Retzler (1992) carried out experimental and numerical studies on 
horizontal cylinders of circular and pontoon sections to investigate non-linear loading 
beneath waves. The experiments were carried out in a wave flume of 0.5 m water 
depth. The tests have been carried out for four wave frequencies, 0.8 Hz, 1.0 Hz, 1.2 
Hz and 1.3 Hz. Calculated added mass coefficients in horizontal and vertical 
directions are plotted against KC numbers. Separate KC numbers are defined in 
horizontal and vertical directions and the maximum KC number obtained is about 3.0. 
A reduction in added mass coefficients for both the cylinders is observed with KC 
number. For stationary cylinder, they concluded that while the reduction in added 
mass coefficient for a circular cylinder is proportional to the square of the KC 
number, for the pontoon section this reduction is simply proportional to KC numbers. 
Experiments were also carried out on cylinders moving in circular orbit. Using 
Navier-Stokes solution the forces on the cylinders were computed and the resulting 
inertia coefficients are compared with experimental values. They suggested a 
relationship between inertia coefficients and KC number of the form, 
CM = Cmo - R( KC /, in which Cmo is the potential flow value and under laminar 
conditions, the value R is found to be in the range 0.3 to 0.6 for circular cylinder and 
0.2 to 0.5 for the pontoon section. The limiting value of KC was less than 1.5 for 
circular cylinder and about and 1.1 for pontoon section. Also, different R values are 
given for different flow conditions. 
Arai (1993) measured the wave forces on a rectangular cylinder and examined the 
drag and inertia coefficients up to KC number around 5 (refer Fig. 2.6). The tests 
were conducted with a rectangular cylinder of aspect ratio = 0.533 for two depths of 
submergence (hiB = 1.05 and 2.10, where h = depth to the centre of the model from 
still water level and B = width of the cylinder). The mean flow pattern around the 
cylinder model is explained by flow visualisation study. The model chosen by Arai 
(1993) has rectangular corners. The frequency parameter (fJ) obtained through the 
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tests ranged from 750 to 6470. Arai (1993) concluded that vertical inertia 
coefficients decrease as KC number increases beyond about 1.0 and the drag force is 
only affected by varying the model depth. Arai (1995) made another study at low KC 
numbers on a circular (diameter = 45mm), square (45x45 mm) and rectangular 
cylinder (depth = 24mm and width = 45mm) and found that the inertia coefficients 
for all the cylinders decrease with increasing KC. The author found that the 
circulation of the flow for all the cylinders is almost same and is proportional to the 
square of the KC number. 
Koterayama and Hu (1995) studied the wave forces on a horizontal circular and 
rectangular cylinder in regular waves experimentally and numerically, for low KC 
numbers (KC < 6). The aspect ratio (cylinder width divided by cylinder height) 
selected is equal to 1.625 and the rectangular model has a radius of round corner, 
riB = 0.125, where' r' is the radius of the round corner. They reported that the force 
coefficients for a rectangular cylinder are much more complicated than the circular 
cylinder because of the flow separation. At small KC numbers, CD and eM values are 
significantly larger than that of a circular cylinder. The numerical force coefficients 
calculated for regular waves by Koterayama and Hu (1995) are not identical to the 
experimental force coefficients obtained by them. 
2.5.3 Rectangular Cylinder in Diffraction Regime 
Numerous numbers of works have been carried out on various shapes of structural 
elements in the diffraction regime to investigate the forces and motions. In relation to 
the literature review, only few of them are given below which will have direct 
reference to the rectangular cylinders. 
Isaacson et a1. (1979) conducted experiments on large square cylinders for various 
cylinder orientations with respect to wave propagation and the results are reported in 
terms of force coefficients with diffraction parameter. It was found that over the 
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range of diffraction parameter, kb, the maximum force corresponds to an angle of 
incidence, Q = 45° . 
Shankar et al (1983) used finite element method for the formulation of linear 
diffraction problem to analyse the wave forces, moments and wave pattern for a large 
bottom supported vertical cylinders of square and rectangular sections for various 
angles of wave incidence. The author observed that the normalised horizontal force 
increases as kb (wave number multiplied by the side parallel to wave crest) increases 
up to a certain value and the further increase kb results decrease in the force. This is 
due to the reason that increases in kb results in significant scattering and hence forces 
are higher till a peak is reached. However, as kb increases further, the dynamic effect 
of the wave reduces leading to reduction in the force. In the case of rectangular 
cylinders it was observed that for a particular value of kb, the horizontal force is 
maximum when the broader side of cylinder is normal to the wave and minimum 
force was noted when the shorter side faces the wave. As regards to the effect of 
relative water depth (d/L) , it is found that the horizontal force increases with increase 
in d/L. However, when deep-water condition is reached the increase in water depth 
does not have significant change in the force. 
Rahman (1987) formulated a practical method to predict second order wave loads on 
large offshore structures extending Lighthill's (1979) techniques for deeper water 
waves to shallow water waves. The author has developed expressions for total 
horizontal force and overturning moment for the circular and square cylinders and 
compared the theory with the experimental results. 
2.6 Cylinder in Waves and Currents 
2.6.1 Circular Cylinder 
The interaction of waves and currents and the resulting influence on the responses are 
important considerations for offshore structure design. When the current is present 
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along with the waves, the current is often considered to be steady, and its effect on 
response is linearly superimposed on the effect of waves. In the presence of current, 
the wave height and wave length experience modification. If the current is in the 
direction of wave propagation, the wave slope decreases and its length increase. On 
the other hand, if the current opposes the wave, the wave slope increases in 
magnitude and the wave length shortens. These changes are due to the interaction 
between the waves and current. 
Moe and Verley (1980) conducted experiments on circular cylinders in a steady flow 
and evaluated drag, Cdc and inertia coefficients, Cmc assuming that the two tenn 
Morison equation applies to the coexisting flow field. The experiments showed that 
the current caused profound changes in both drag and inertia coefficients. The authors 
concluded that, in general, Cdc decreases and Cmc increases for corresponding KC and 
Re numbers. 
Koterayama (1984) investigated the wave forces on a circular cylinder moving with a 
constant velocity in regular waves and reported that the wave force coefficients 
depend mainly on the reduced velocity (Uc TID). Sarpkaya and Storm (1985) carried 
out experiments with smooth and sand roughened cylinders moving with a constant 
velocity in a sinusoidally oscillating flow to determine the drag and inertia 
coefficients, and to examine the effect of wake biasing on the modified Morison 
equation. In this study, the various flow parameters such as relative cylinder velocity, 
Reynolds number and KC number were varied systematically. The variation of these 
coefficients is governed by Keulegan-Carpenter number, Reynolds number, relative 
roughness and the reduced velocity. The results indicated that the drag coefficients 
decrease with increase in relative current and the inertia coefficients increases for a 
given Reynolds and KC number and the effect of wake biasing on the force 
coefficients is most pronounced in the drag-inertia dominated regime. It was also 
reported that for KC > 30, the effect of current on the force coefficients is negligible. 
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Teng and Li (1990) estimated force coefficients for an inclined circular cylinder for 
combined wave and current. The force coefficients are estimated based on a new 
cross spectrum approach, which the authors call the revised cross spectrum approach. 
This method utilizes the phase shift of water particle velocity and acceleration to 
derive CD and CM. In this method the force coefficients are considered as constant, 
and not as a function of frequency, avoiding the conflict with the linearisation in 
spectral analysis. The authors claim that the results from the revised cross spectrum 
method are stable and are less affected by division number (corresponding parts of 
measured and predicted cross spectrum) along the cylinder than the results from other 
methods. From the experiments they found that the results for following and for 
opposing currents are different. The resulting coefficients for the following currents 
are larger than those of opposing currents. 
Ikeda et al. (1990) studied the effect of steady motion of a circular cylinder on the 
reduction of wave forces. The cylinder was moving in following and head seas. The 
motion of the cylinder is varied to obtain the ratio, UIUw (U is the current speed, Uw 
is the wave velocity) from zero (no current) to ± 1. The experimental results showed 
that the inertia forces acting on the cylinder are significantly affected by the constant 
speed of the cylinder and the inertia coefficients were depending on the direction of 
motions. The inertia force of a moving cylinder with constant speed decreased with 
increase in KC number, however, the reduction was found to be smaller than that of a 
fixed cylinder at zero speed. At KC = 1.5, the inertia coefficients decrease by about 
25% in the entire range of UIUw. At KC = 2.5, the value of the inertia coefficient for 
U/Uw = -OJ (the following sea) is fairly large compared to other ranges of constant 
speed. The values of inertia coefficients in this region are lower than half of the 
potential flow value and this suggests that the viscous effect on the inertia coefficient 
decrease. 
Chaplin and Subbiah( 1996) describe the experimental arrangements by which forces 
and pressures on a horizontal cylinder are measured in waves and coexisting waves 
and currents for KC up to about 50. Two sets of cylinders with diameter 0.21m and 
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0.5m were tested. The effects of a current were simulated by means of the towing 
carriage up to a speed of 1 mls in either direction with waves. The authors collected 
data by driving the carriage through waves with speeds of 0.25 mIs, 0.5 mls and 1.0 
mls in both opposite and along the wave directions. The force coefficients were 
computed on a wave-by-wave basis and it was observed that over most of the 
Keulegan Carpenter number range, mean drag coefficients are about 0.5 and inertia 
coefficients are around 1.5 and 1.0 for the horizontal and vertical directions 
respectively. They found that the presence of current does not have much effect on 
the mean drag coefficients. The inertia coefficients reported showed much scatter in 
waves and currents, especially, in the vertical direction. The authors used constant 
values of drag and inertia coefficients (CD = 0.6 & CM = 1.2) in the Morison equation 
to examine the accuracy in the prediction of forces. The authors found that the 
correlation between measured and predicted forces in the horizontal direction was 
extremely good, whereas, in the vertical direction the Morison formula tends to 
under estimate the measured peak forces by a margin of the order of 20% and this is 
linked with self induced circulation. In another study by Chaplin and Subbiah (1997) 
where laboratory measurements were carried out on forces and pressures on smooth 
and rough horizontal cylinders of diameters 0.21 m and 0.5m in the presence of 
currents. They confirmed that drag and inertia coefficients obtained from 
measurements in individual waves are very unstable with respect to Keulegan 
Carpenter number and found the prediction of horizontal forces using Morison 
equation is more accurate. They also concluded that drag and inertia coefficients are 
constant for both cylinders over a wide range of waves and current conditions and 
they are substantially free from Reynolds number effect. 
A review on the drag and inertia coefficients data has also been published in Marine 
Research Review 11 (1997). This work has been carried out on vertical circular 
cylinders in current superposed on regular waves. It was reported that both drag and 
inertia coefficients take identical values for positive and negative currents. The inertia 
coefficients, when a current is present, are noticeably different from the zero current 
case and it is much lower than the inertia coefficients obtained in waves alone, as KC 
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tends to zero. For example, inertia coefficients at KC about 4.0, for a cylinder of 
diameter equal to 500mm and for a current of + 1.0 mls is around 0.7. At the same 
value of KC. for zero current, the inertia coefficient for a circular cylinder is around 
2.0 [Sarpkaya and Isaacson (1981)]. 
2.6.2 Rectangular Cylinder 
There is not much literature available for rectangular cylinder subjected to 
combination of waves and currents. Chaplin and Retzler (1993) described 
experimental and numerical predictions of flow and forces around horizontal circular 
cylinder and pontoon section in waves with and without currents at KC numbers 
below 2. They reported a similar behaviour for both these sections. In an extreme 
case, in the presence of a current of 1.8 times the speed of the undisturbed oscillatory 
flow, the inertia coefficient for the vertical oscillatory loading was reduced from its 
potential flow value by 50%. Current has large influence on inertia coefficients in the 
vertical direction: the inertia coefficients increase with increase in the following 
currents and decrease with increase in opposite current compared to the waves alone. 
Li and He (1995) carried out experiments on square cylinders of 40mm x 40mm and 
60mm x 60mm, subjected to waves and currents and correlated the hydrodynamic 
coefficients with KC number for regular and random waves. The cylinder was also 
tested with a surface oriented to 45° to the wave. They concluded that drag 
coefficients obtained for random waves are smaller than those of regular waves. On 
the effect of changing the wave direction, they reported that, when K C< 18, drag 
coefficients for a normally incident wave is greater than that of a diagonally incident 
wave, but when KC > 18, CD values for a diagonally incident wave is larger than that 
of a normally incident wave. CM for a normally incident wave is bigger than that of a 
diagonally incident wave and it gradually decreases with increasing KC, where as, CM 
for diagonal incident waves decreases first and reaches a minimum value at KC = 18 
and then increases rapidly for higher values of KC number. In this study, the effect of 
current on the force coefficients is not explicitly discussed. 
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The force coefficients reported in the past for square cylinders [example: Bearman 
et al.( 1979, 1984), Graham (1978), Singh( 1979) and Tanaka et al (1982)] corresponds 
to the experiments performed either in a V-tube set-up or cylinder oscillating in still 
water. In the first case, the cylinder was held fixed and the fluid oscillated 
harmonically and in the second case the cylinder oscillated harmonically in still water 
with a given frequency and amplitude. In both the cases the flow is one-dimensional; 
whereas, when tests are conduced in a wave flume or basin, the flow is two-
dimensional such that the free stream velocity field varies in both horizontal and 
vertical directions, and the generated waves are not necessarily sinusoidal. Further 
the development of the boundary layer and separation points are different between 
planer motion and wave motion and therefore the pressure distribution around the 
body will be different in both the methods and this yield differences in measured 
forces. For example, for a circular cylinder, Chakrabarti (1990) showed a comparison 
between his test results in waves with Sarpakaya (1976) results from planar motions, 
corresponding to a fJ value of 1085 as shown in Fig. 2.7 and this indicate a clear 
difference between planer tests and wave motion tests at this range of p . If the same 
were applied to a square or rectangular cylinder, then one would realise the 
significance and needs of the tests to be conducted in waves and unfortunately there 
have not been many test data are available for these cylinders in wavy flow and 
therefore the present work is undertaken. 
The previous works on square/rectangular cylinders were mostly conducted at low 
Reynolds number. Among the very few results available for sharp edged rectangular 
cylinders, those reported by Arai (1993) are corresponding to a frequency parameter 
(/1) from 750 to 6470. Although, sharp edged square cylinders are known to be less 
sensitive to Reynolds numbers effects in steady flow (refer Fig.2.8), it would be 
interesting to examine the effects in wavy flow on what would be the change in the 
force coefficients if the cylinders are tested for higher (/1) values and this is 
experimented with the present model. 
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It is evident from the literature that the force coefficients in random waves can be 
different from the one obtained through regular waves. Although, the Morison's 
equation is commonly used for predicting wave forces in regular and irregular waves, 
the values of drag and inertia coefficients obtained for irregular wave forces are not 
necessarily the same as those determined from regular waves, especially at low KC 
numbers [Davies et al. (1990) and Li and He (1995)]. On the other hand, it is also 
expected that these force coefficients will depend on the shape of the spectrum. 
Hence, for these reasons it will be most appropriate to estimate force coefficients 
directly from random wave force measurements and this is carried out in the present 
work. 
It is also inferred from the literature that the combined actions of waves superposed 
on currents are known to result different drag and inertia coefficients for circular 
cylinder compared to the force coefficients in waves alone. From the results reported 
by Chaplin and Retzler (1993), this is indeed true for a square cylinder (pontoon) 
with rounded corners. However, from the literature, it is apparent that except for the 
square cylinder, other rectangular sections, as considered in this study, does not seem 
to have any data in combined wave and currents and therefore this is another part to 
be looked into in detail. 
It is understood from the literature that the wave run-up may lead to wave 
overtopping of the structure or create wave uplift forces on the underside of the 
structure. Previous researchers made run-up calculations only for circular cylinders 
and to the knowledge of the author none of the information is available on any of the 
experiments that were performed in waves to calculate the wave run-up for 
rectangular cylinders. Further, the wave run-up pattern for a rectangular cylinder 
might be different from the circular cylinder as they have flat vertical surfaces 
exposed to the wave crests and therefore it is essential to examine the run-up on 
square and rectangular cylinders. 
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More importantly, the influence on the force coefficients by varying the cross 
sectional area has not been reported in waves and also in combined waves & currents 
and hence this study will concentrate on this aspect. It is evident from the foregoing 
literature review that more laboratory investigations remain to be carried out for a 
better understanding and quantification of the wave and current forces on rectangular 
cylinders. 
Chapter 2: Literature Review 39 
t 
::Lp 
I:: 
1: 
01 
'iii 
.r::. 
CII 
> ~ 
CII 
,?: 
'0 
~ 
200 
100 
50 
20. 
10. 
5 
0.5 
0.,1 
0.05 
drag force dominating 
hydrodynamic 
transparent 
slructures 
Morison equation' 
(all inertia) 
N 
d c 
,9 
...J U 
"- 0 0 :l= 
'6 
wave force amplitudes 
- Fxa total force 
- Fma inertia force 
- F do drag force 
c 
.Q 
~ 
Q; 
L. 
O'D1-t-------r-----"T-'--..,.--_...L.... __ -l 
0.0.1 0.1 D,S 
relative size of structure ko = rr¥ ~ 
10. 
Fig.2.1 Loading regimes of horizontal forces on a vertical cylinder 
[Clauss et aI., (1992)] 
40 
t 
o 
U 
~ 
I&J 
U 
LL. 
LL. 
III 
B 
g 
----- ---- ----~ 
----- ~ I) 13= ----C1= Q ~ ~ --- ~~ ----- -
SUBCRIT ICAl ICRITICAll SUPERCRITICAl I POST CRITICAL 
,,0-
0·5 
0~1----------------~~----~------~--------~-------r---
10' 105 10' \0' 
REYNOLDS NUMBER (LOG· SCALE) ~ 
Fig. 2.2. Two dimensional flow over circular cylinder [Scruton (1981)] 
41 
T= TRANSITION 
LS = LAM INAR ' SEPARATION 
TS : ' TtlRBULENT SEPARATION 
TA" TURBULENT ATTACHMENT 
0-2 
(b) 
o H z 2mm ( 
oH22mm l 
~ 
• 3 mm Wind tunnel 
3mm I 
9. 8 mm \ 
• 4 mm Wind tunne 
). 
I 15mm 
0-2r 
Jf Smm ~ 8mm (a) ! 1 ~:: Water tank 
iii '9. 8 mm Water tank 
, ·"l ~A~ A A Jj,ll a •••• s O-IT aU"" ~. .~~o 6 ~:~ 
S 
A 
AA 
A A 
01 A .. A A o-If-
co :r~ ~d~ __ ¥ ~ 
. -:8 
o-J 
BIH = 2.0 
..,.8 
I I "'iO' ! , I ! \'os I '" \'0> 
BIH = 1.0 
" "lb' 10' I I I I (0) 0-05 '10 
R R 
0-2 
o H = 2·4 mm t Wind tunneJ 
8mm \ (d) • 
0-2~ 
(c) 
oot~:;,;;.,~ ~":~q"_ 
0-15 
0 0 0 0 i ~~o •• •• I o • • 
i:C ""IIi •• ~ 
00 S 0 
o-I l i Q. ., i" • 
.... ~ 1\'. 
.. ..~, 
0-1 
: ""'.· O H: 2 mml 
• 2-5 mm 
" P 3 mm Wind tunnel 
& , 4mm~ 
BIH =4.0 
0-11-
'Q 8mm 
'" IS mm Wiler tank A 8mm 
10' 
BIH =3.0 
:!tI>I~ 
0-05 Ii:>' -- 10' 
It. ' 
10' 0-051 I t!! 'l'Of 10' 
• R 
R 
Fig.2.3 Variation ofStrouhal number with Reynolds number for rectangular 
cylinders; (a) BIH=l.O, (b) BIH = 2.0, (c) BIH = 3.0 and (d) BIH = 4.0 
42 
3'0 
3·0 
2' 
1'0 
0 '5 
I 
I 
I 
I 
I 
I , 
I 
I , 
, 
, 
, 
, 
, 
, 
, 
\ \ 
\\ 
---0 
---0 
--0 
--- --- I 
''-.. " ......... _-...... 
"'-.. -------
-- -----------
---------
---------~-.....::-;;;;;,..----.--
KC 
---0 
---0 
--0 
------ I 
CDSI'" 
10 
<> 
o 
°0~-~1~0--20~-~30~-~40~-~50~-~6~0-~7~0~--
KC 
Fig.2.4 Drag and inertia coefficients for various shapes [Beannan et al., (1979)] 
43 
Co 
o 
00 
o 
o 
. . . 
.It JC)II )It x 
o1L---------~--------~----7---~8--~10~------~Wo--------74~O ----~~ ~8~O~1OO 
KC 
Q, ~ = 2/3, rID = 0 (sharp·edged ''Ylillder): v, ~ = I 72, rID = 0.132: x, ~ '" J 72, 
rID = 0.265; 0,13 = J 96, rlV = 0.5 (circillar cylinder) 
4 
<> 
• • • o 
o 
~~------~---------74----~6~~8~-~~------~W~------~~~---~~~~~~1OO 
KC 
Fig. 2.5 Drag and inertia coefficients of a square cylinder [Bearman et aI., (1984)] 
44 
Experimental cases Cor wave Corce test 
H/B d/B h/L LIB 13 marks 
0.53 1. 05 0.162 53.4 3400 0-
107 850 0 
0.454 19.1 6470 [}-
38.2 1620 0 
0.980 17.7 2380 8 
2 .10 0.162 107 750 • 0.454 38.2 1430 • 
5 5 
CMx CMy 
.. r 1,','1" 
[). 
.. . 
~ ;: ~;; . ..... : '" . 
." " j' 
; ' .. 
... 
• 
' .. : ... 
[). . B 
. . '0 ' 
..•.•. • . j .{ .... ) 
; ;;;. "tJ ~oe · ~.!>. 
• . . • E~~ti .; .... , . 
o .1 
10 
o . 1 
CDx ···· ·· " " . 
. . 
.......... j •.• • • ; •••• } . ••• ! .• : •• '0' , ... 
I'" .•. , ..•. ! .. 
. ~ .. .. ~. " 
. . . 
KC 10 
.. ,:.:U. 
KC 10 
o .1 
10 
CDy ' 
.. [J. 
o 
.1 
[). 
.. '[). ' .... '[)' 
' 0 
KC 
. 0 . 
o 1' 0 
Q "0 .. , 0 : '., 
. .. '.' . .   .. .. . P .. 
• 
KC 
Fig. 2.6 . Drag and inertia coefficients ofa rectangular cylinder [Arai (1993)] 
10 
10 
45 
2.4 
2.0 
1.6 
Co 1.2 
0.8 
0.4 
o 
o 
2.5 
2.0 
1.5 
1.0 
0.5 
o 
o 
/--
/' 
./ 
-
V 
I . 
V 
j 
/ 
5 10 15 
KC 
\ 
'\ 
" , 
" :-., 
" 1'-P = l~-
(Sarpkaya) 
-r------ fJ = 1085 
(Chakrabartl) 
20 25 30 
fJ = 1085 
(Chakrabartl) 
\ " ~ ~ fJ = 1107 (Sarpkaya \ 
\ 
I' 
'--
5 10 
.", 
",,"" 
15 
KC 
--''-~ 
..... 
..... 
..... 
.", 
20 25 30 
Fig. 2.7 Comparison of drag and inertia coefficients between free 
surface waves and oscillating flow tests [Chakrabarti (1990)]. 
46 
4 
3 
2 
v 0 
r- era r>' 
1 
0·8 
(a) ri D = 0,021 
2 
0 
u 
-LO 
.. 
0·8 
C 0·6 . ~ 
~ 0·4 Qi 
0 
u (b) riD = 0·167 
Ol 2 ~ 
0 
1 
--'LO 
0·8 
0·6 
b.. 
0·4 Nomina l size. 
inches 
0·3 
02 
0 12 ~D d 4 0 1 
0·1 
104 2 3 4 6 8105 2 3 4 6 8106 2 3 
Reynolds No. Re 
(c) ri D = 0·333 
Fig.2.8 Drag coefficients for square section cylinders [Sachs (1978)] 
47 
3.1 General 
CHAPTER 3 
THEORETICAL CONSIDERATIONS 
A major factor in the design of offshore structures is to determine the hydrodynamics 
loads due to waves and currents. The so-called Morison's equation is widely used for 
this purpose. The application of Morison's equation to a complex time dependent 
separated flow can be questioned, but in the absence of any better formula which can 
describe the flow phenomena, this equation is taken as the basis for all the in-line 
wave force calculation. In computing the wave loads on the offshore structure, a 
suitable wave theory must be selected based on the wave parameters. A number of 
wave theories have been developed to describe the kinematic and dynamic properties 
of the water particles. One among the wave theories is the Airy or linear wave theory, 
which is the simplest and most commonly used wave theory. In this thesis work, the 
wave particle kinematics computed using linear wave theory is used in Morison's 
equation to calculate the wave forces. 
In this chapter, the small amplitude wave theory formulation is briefly explained and 
its limitations are discussed. The mechanics of wave forces on vertical and horizontal 
cylinders is outlined. Morison's equation applied to vertical and horizontal cylinders 
and its modification to include current is discussed. The methods to determine wave 
energy spectral density are presented. Finally, the general formulations and solution 
procedure for diffraction force calculations are also described. 
3.2 Small Amplitude Wave Theory (Airy Theory) 
In the laboratory studies the water particle velocity beside the structure can be 
measured using some instrumentation. These measurements can be differentiated 
with respect to time to calculate the corresponding water particle acceleration. 
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However, if such measurements are not available and if only estimates of wave height 
and corresponding period are available, then the particle kinematics must be 
estimated using some wave theory. For the formulation of wave theories the potential 
function fjJ( x, z,t) of a two dimensional fluid flow must satisfy the linear governing 
differential equation or Laplace equation and three boundary conditions [Dean & 
Dalrymple, 1991]. Finding an exact solution to Laplace equation is difficult due to: 
• The free surface boundary conditions are non-linear 
• The free surface boundary conditions must be satisfied at the free surface z = 71 
which is constantly changing 
There are two general types of approximate theory, which is used to solve the above 
problem 
• One is developed around the wave steepness as a perturbation parameter 
• Second is developed as a function of water depth 
In the first case the perturbation parameters are limited to a given order of the wave 
theory. The linear wave theory or Airy theory and the stokes third-order and fifth-
order non-linear wave theory are placed in this category and are commonly used in 
the design of deep-water offshore structures. In this case there is a closed form 
solution to the problem and the water particle kinematics and dynamic pressures can 
be calculated through known formulae. In the second case the order of the wave 
theory remains general and a numerical solution is used to satisfy the boundary 
condition. The stream function theory is the example that falls in this category 
[Dean& Dalrymple, 1991]. 
The most useful and simplest of all wave theories is the small amplitude wave theory, 
which is also called Airy wave theory or sinusoidal wave theory. It was given by 
G.B.Airy in 1842. Because of the linearity of the Airy theory with wave height, the 
computation of the structural response using this theory is often quite straightforward, 
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though the response is not necessarily linear [Chakrabarti, 1990]. This theory has 
often been used in design for analysing both linear and non-linear behaviour of 
offshore structures in their extreme value response analyses. In order to fonn a 
tractable solution the following simplifying assumptions are made: 
• The water is of constant depth 
• The wave motion is two-dimensional, which leads to long crested waves with 
constant height along the crests 
• The waves are of constant fonn, i.e., they do not change with time 
• The fluid (water) is incompressible 
• Effects of viscosity, turbulence and surface tension are neglected 
• The wave height, H is small compared to the wave length, L and the water depth, 
d (i.e. HIL« 1 and Hld« 1) 
The governing equations to be solved represent the equations for conservation of 
mass and momentum. Conservation of mass can be written in tenns of Laplace 
Equation 
(3.1) 
where x and z are the horizontal and vertical coordinates respectively, of the two-
dimensional solution domain. The horizontal and vertical components of velocity, u 
and ware given as 
alP 
u(x,z,t) = -
ax 
alP 
w(x z t) = -
" az 
and t is the time. 
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(3.2) 
(3.3) 
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The conservation of momentum is represented by the unsteady Bernoulli equation 
(3.4) 
Where p is the pressure, p the density of the water and g is the gravitational 
acceleration. In small waves, u2 + w2 ~ O. The boundary conditions are shown in 
Fig. 3.1. 
(i) Dynamic boundary condition at the free surface: 
At the free surface, z = 11, the pressure is atmospheric, p = O. Therefore (3.4) becomes 
af/J + gTJ = 0 at z = 0 
at 
(3.5) 
This boundary condition is applied at z = 0 rather than z = TJ due to the assumption 
that the waves are of small amplitude (i.e. TJ ~ 0). 
(ii) Kinematic boundary condition at the free surface: 
At the free surface, there can be no transport of fluid through the free surface and 
therefore the vertical velocity of the free surface is equal to the vertical velocity of the 
fluid (i.e w = D / Dt[TJ(x,t)]). 
aTJ aTJ 
w = - + u - at z = TJ 
at ax 
(3.6) 
substituting (3.3) for w into (3.6) with the assumption that the slope of water surface 
a11 is small , 
ax 
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ot/J = 0.,., at z = 0 
oz ot (3.7) 
(iii) Kinematic boundary conditions at the bed: 
There can be no flow through the soil bed and therefore the kinematic boundary 
condition at the bottom 
ot/J 
W = - = 0 at z =-d 
oz 
(3.8) 
Now, (3.1) can be solved using the boundary conditions (3.5), (3.7) and (3.8). The 
solution can be found by using method of separation of variables as 
ag cosh[k(d +z)] . 
t/J(x,z,t) = - [] sm(kx-wt) 
w cosh kd 
(3.9) 
where a =H12 is the wave amplitUde , w = 2rrJT is the wave angular frequency, 
k = 2rel L is the wave number, T is the wave period and x & t are variables of space 
and time. From (3.9) the basic wave properties of linear waves can be developed [see, 
Chakrabarti (1987), Barltrop & Adams, 1991] and are summarised as: 
The wave elevation: 
H 
.,.,(x,t) = 2cos(kx-wt) (3.10) 
The horizontal particle velocity: 
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1rH cosh [ k(d +z)J 
u(x,z,t) = cos(kx-mt) 
T sinh(kd) (3.11 ) 
The vertical particle velocity: 
1r H sinh [k (d + z) J 
w(x,z,t) = sin(kx-mt) 
T sinh(kd) (3.12) 
The horizontal particle acceleration: 
27r 2 H cosh [ k(d + z) J 
u(x,z,t) = --2- sin(kx-mt) 
T sinh(kd) (3.13) 
The vertical particle acceleration: 
27r 2H sinh[k(d +z)J 
W(X,z,t) = ---2- cos(kx-mt) 
T sinh(kd) (3.14) 
and the dynamic pressure: 
H cosh[k(d +z)J 
p = pg cos(kx-mt) 
2 cosh(kd) (3.15) 
The dispersion equation describing the relationship between the wave frequency and 
wave number is given as 
oi = gk tanh( kd ) (3.16) 
The diagrammatic representation of the motion of a fluid particle beneath a wave is 
shown in Fig. 3.2 [Chakrabarti, 1987]. 
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3.3 Limitations of Linear wave theory 
The linear wave theory assumed that the wave height is so small that the dynamic and 
kinematic boundary conditions at the free surface could be applied at the still water 
level, Z = 0 rather than at the wave surface Z = '1]. In nature the wave steepness, HIL 
seldom exceeds 0.05 to 0.08 (Svendsen and Jonsson, 1976) and hence the small 
amplitude assumption is valid. However, there are some applications, where the 
simplifying assumptions of linear wave theory become significant. In such cases it is 
necessary to use a non-linear or finite amplitude wave theory. Basically the difference 
between linear and finite amplitude theories is that finite amplitude theories consider 
the influence of the wave itself on its properties. Therefore, in contrast to linear wave 
theory, the phase speed, wavelength and water surface profile are functions of the 
actual wave height. Linear wave theory predicts that the crest and trough heights of 
the wave are equal. The finite amplitude theories predict wave with peaked crest and 
flat troughs. Hence in applications such as deck elevation calculation of an offshore 
structure, the use of finite amplitude wave theory would be important. Linear wave 
theory predicts that water particles move in closed orbits and hence there is no net 
transport of fluid. In contrast finite amplitude theory predicts a small net fluid 
transport in the direction of wave propagation. Fig. 3.3 adopted from Barltrop et aI., 
(1991) illustrates the region of application of linear wave theory along with other 
wave theories. 
3.4 Hydrodynamic Forces 
The wave forces on an offshore structure are dependent on the size and shape of the 
structure and also on the wave characteristics. If the characteristic dimension, say, the 
diameter'D' of a circular cylinder, is small relative to the wave length 'L' to the limit 
that DIL < 0.2, there is a little alteration of the incident wave when it passes the 
structure and therefore the diffraction and reflection phenomena are negligible. Force 
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effects on structures arise from pressure fields, which are approximately superposed 
as scalar quantities (Clauss et a1.( 1992»: 
• Froude-Krylov force due to the pressure field of the undisturbed incident 
waves 
• Hydrodynamic added mass force due to the pressure field derived from 
relative acceleration between structural element and fluid 
• Drag force due to the pressure field resulting from the relative velocity 
between structural element and fluid in a viscous flow, which causes a wake 
region on the downstream side of the structure. 
The Morison's equation is applicable when the drag force is significant. When the 
drag force is small and inertia force predominates, the Froude-Krylov and added mass 
forces are dominant. 
Morison's equation has been used extensively, in predictions of loads on structures, 
in field experiments and in controlled laboratory experiments, resulting in an 
abundance of available drag and inertia coefficients for circular cylinders. However, 
in spite of the wide experience gained from the use of Morison's equation, 
considerable disagreement and uncertainties still exist about its applicability as a tool 
for prediction, and on the reliability of the coefficients to be used with it. One of the 
problems arises from the fact that the coefficients for full-scale use cannot be 
obtained from laboratory tests, as these are usually at a lower Reynolds number. In 
addition, the incident flow during laboratory tests is not usually representative of real 
sea conditions as these tests are commonly done in regular waves or in planar 
oscillatory flow. Planar oscillatory flow represents a simpler case where the orbit is 
flat as opposed to elliptical, in waves. 
Numerous studies have been reported which attempt to relate the coefficients to 
dimensionless numbers such as Reynolds number (Re) and Keulcgan - Carpenter 
number (KG) and the results have often shown considerable scatter. This scatter is 
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attributed to many reasons such as experimental errors, the variation of turbulence in 
the flow, cylinder roughness, and interference from other structures and the effect of 
the vortices sweeping back against the cylinder. Scatter in field data and laboratory 
experiments is also discussed by Dean (1976). In addition to the effects mentioned 
above, other factors such as irregularity of the incident wave, three dimensionality of 
the flow and different span wise correlation contribute to the scatter in the field. The 
methods used in data analysis, both, in field tests and laboratory studies can also 
induce scatter in the available data. This is particularly relevant to experiments where 
water particle velocities and accelerations are calculated from measurements of 
surface elevations coupled with some wave theory. The accuracy of the data thus 
obtained will depend on the choice of the wave theory and even if the best available 
theory is used, there is no guarantee that the wave characteristics will be the same 
from cycle to cycle, especially in field tests. 
3.5 Mechanics of Wave Forces 
3.5.1 Vertical Cylinder in Waves 
The fluid loading on a vertical cylinder is different from that on a horizontal cylinder, 
fully submerged with its axis parallel to the wave crests. The orientation of a member 
affects the values of inertia and drag coefficients (Pearcey, 1979). For a vertical 
cylinder in regular, deep water waves and piercing the free surface, the water-particle 
circular orbits are co-planar with the axis of the cylinder and the velocity vector 
which is constant in magnitude has components normal and parallel to the axis of the 
cylinder. The position of flow separation and the vortex shedding is dependent only 
on the normal component and the parallel component is not expected to influence the 
flow phenomena external to the cylinder. The periodic motion is similar to the planar 
oscillatory motion with the stagnation point on the cylinder switching from fore to aft 
of the cylinder and then back once in each cycle. Therefore, the whole flow field in 
the plane normal to the cylinder's axis, generated by the cylinder, accelerates from 
rest and decelerates again in each half cycle before reversing in the next. The 
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vortices shed by the cylinder in one half cycle and the velocity deficit of its wake are 
periodically swept back past the cylinder strongly influencing the flow induced 
loading. A diagrammatic representation of a vertical cylinder (Pearcey, 1979) in 
regular, deep-water waves with particle motions in circular orbits is shown in Fig.3.4. 
The orbits are co-planar with the axis of the cylinder and the velocity vector, constant 
in magnitude, has components X. Z normal and parallel to the axis. The position of 
separation and vortex shedding will be dependent only on the component normal to 
the axis. With regard to transverse forces, they can only be associated with vortex 
effects. Large transverse forces as observed for vertical cylinders are therefore clear 
evidence that the vortices have significance coherence along the length of the 
cylinder in spite of the decay of orbital motions with depth. The difference between 
the vertical cylinder in waves and the cylinder in planar oscillatory incident flow may 
arise from the component of orbital velocity resolved parallel to the axis of the 
cylinder or from a smaller wake interaction effect in waves. 
3.5.2 Horizontal Cylinder in Waves 
For a horizontal cylinder fully submerged in regular, deep water waves with its axis 
parallel to the wave crests, the plane of the water particles circular orbits is normal to 
the axis of the cylinder with no axial component of velocity, and also no variation in 
phase along the length of the cylinder (Fig. 3.5). The forces associated with vortex 
shedding are co-planar with the orbits and hence there is no force transverse to the 
plane of the orbits. The velocity vector, constant in magnitude, has vertical and 
horizontal components both normal to the axis of the cylinder and with associated 
forces having vertical and horizontal periodic components (Pearcey, 1979). 
The forces will have the following principal elements: 
• A 'tangential' drag element associated with the tangential velocity, influenced 
by the separated flow and vortex shedding. 
• A vortex induced element normal to this and therefore radial. 
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• A radial inertia element associated with the Froude-Krylov force and virtual 
added mass, the later being influenced by viscous flow. 
• Each of these elements will have horizontal and vertical components. The 
resulting total horizontal and vertical components, X and Z do not differ from 
one another in principle, but, are orthogonal in phase. Each component has a 
resolved part of each of the three principal elements described above. The 
resolved parts of the tangential drag and radial inertia will be periodic with the 
wave motion. The magnitude of the resolved part of the radial vortex element 
will also vary cyclically. 
3.6 Morison Equation for Regular Waves 
3.6.1 Vertical Cylinder 
3.6.1.1 In-line Force 
The semi-empirical force model developed by Morison et aI., (1950) has been the 
most widely used method since its introduction. This approach depends upon a 
knowledge of water particle kinematics and empirically determined coefficients. 
The wave force F H, per unit length on a vertical surface piercing cylindrical pile 
structure is composed of two parts, one due to drag, and the other due to acceleration 
of the fluid. This concept necessitates the introduction of a drag coefficient, CD and 
an inertia coefficient, eM in the expression for the force. It should be noted that drag 
and inertia coefficients cannot be obtained from equations of motion and that the 
validity of the equation and the limits of its application will have to be detennined 
experimentally. The inertia forces may be interpreted as that due to the pressure 
gradient associated with the relative acceleration of the ambient fluid. The drag forces 
are, in general, due to the flow separation induced by the relative velocity of the fluid 
and structure. 
The drag and inertia coefficients are usually functions of Keulegan-Carpenter (KG) 
number, Reynolds (Re) number, cylinder surface roughness parameters and 
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interaction parameters. For large values of Keulegan-Carpenter number, when 
acceleration is small for substantial parts of each cycle, the inertia force term in 
Morison's equation is negligible and the force approaches the drag force for a 
cylinder in a steady flow. Conversely, for small values of KC, the drag term is 
negligible in comparison to the inertia term and the force becomes the pure inertia 
force associated with the Froude-Krylov and virtual added mass terms calculable 
from potential flow theory. For values of KC between these extremes, the studies 
have shown that the drag as well as inertia terms can be strongly influenced by 
viscous flows. It is well known that over the middle range of KC numbers neither the 
Morison's equation nor one equivalent to it, can provide an adequate basis for 
describing the forces transverse to the wave direction and these forces are linked with 
the vortex velocity fields and motions. At high KC number a lift coefficient can 
provide an estimate of the transverse fluctuating force on a circular cylinder. The 
value is however dependent on the motion of the cylinder (see section 3.6.1.2). 
In the Morison's equation, drag is proportional to the square of the fluid velocity u 
and inertia is proportional to the fluid acceleration u and the equation for a 
rectangular cylinder is given by, 
where, 
p = 
u = 
U = 
Mass density of water 
In-line water particle velocity 
In-line water particle acceleration 
(3.17) 
D = Dimension of the cylinder, taken as the side normal to wave direction 
A = Cross sectional area of the cylinder 
If the forces are calculated using linear wave theory, then the wave surface profile, 
particle velocity and acceleration are computed using equations (3.10) to (3.14). For 
the non-linear waves, the wave surface elevation and particle kinematics would be 
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computed using an appropriate non-linear wave theory such as Stokes wave theories 
or Stream function wave theory. In the experiments linear theory is expected to be a 
good predictor ofpartic1e kinematics (see section 5.2). 
The general form of Morison's equation is used to determine wave force under the 
restriction that the convective acceleration terms au / ax and au / az [Sarpkaya and 
Isaacson (1981)] are normally ignored (i.e., it is assumed that du / dt ':::J au / at), 
furthermore, it is assumed that in the region near the cylinder the kinematics of the 
undisturbed flow does not change in the incident wave direction. Regarding the 
ignored convective acceleration terms, it can be shown that the local horizontal 
acceleration au / at is more than total horizontal acceleration 
( au / at + uau / ax + wau / az , where, u and w represent the velocity components in x 
and z directions respectively) over a wave cycle on the basis of the stream function 
theory for two design waves of the same depth and period [Refer Fig. 4.24 from 
Sarpkaya and Isaacson (1981)]. This difference is more significant if steep waves are 
considered. It can be shown that the use of local acceleration instead of total 
. acceleration to determine the inertia force will generally lead to overestimates. This 
inaccuracy does not affect the practical application of the Morison's equation which 
in any case depends on experimental coefficients [Sarpkaya and Issacson (1981 )]. 
3.6.1.2 Transverse Force 
The transverse or lift forces acting on a vertical cylinder in waves may be represented 
in terms, which are related to the case of a cylinder in harmonic flows. However, 
there are important differences between flow in waves and in harmonic flow. In the 
case of harmonic flow the incident fluid motion is uniform along the cylinder, but for 
a vertical cylinder in waves the incident fluid motion varies along its axis of the 
cylinder and possesses a vertical velocity component. Due to the formation of wake 
behind the cylinder during the passage of the wave, lift forces occur at right angles to 
the flow as eddies form and shed from the cylinder I surface. A formula used in 
calculating the lift forces per unit length of the cylinder is given by, 
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lC ' Fdt) = 2 L pDu-(t) (3.18) 
where, CL is the lift coefficient. 
The lift force, in general, has multiple lift frequencies due to a single wave oscillation 
frequency and therefore, the lift force per unit length can be expressed as, 
1 N 
FJt) = -pDU; ICdn) cos[27rnfot + I/t(n)] 
2 n =1 
(3.19) 
where, Urn is the maximum horizontal velocity, Cdn) is the lift coefficient for the nth 
harmonic and is assumed to be a function of KC number, !o is the cyclic wave 
frequency, N is the number of harmonics and I/t( n) is the phase angle for the nth 
harmonic force. Simplifying the above equation for Cdn), we get, 
2Tf2 F(t) Cdn)coslf/(n) = - L 2 cos[27!nfot]dt 
Top D Um 
(3.20) 
(3.21) 
From equations (3.20) and (3.21) the values of Cdn) and I/t(n) can be calculated. 
3.6.2 Horizontal Cylinder 
The Morison's equation was originally applied to vertical cylinders using only the 
horizontal water particle velocity. However, for a horizontal cylinder in waves, the 
vertical component of the water particle velocity is also significant. Chaplin (1988b) 
discussed the effects of the free surface and bed boundaries, effects of circulation and 
Chapter 3: Theoretical Considerations 61 
the form of Morison's equation to be used for a horizontal cylinder in waves. Chaplin 
(1988b) reported that a good agreement between measured and simulated forces 
could be obtained by assigning separate force coefficients for the vertical and 
horizontal directions. In the present study, the Morison's equation is modified and the 
forces per unit length of the horizontally submerged rectangular cylinder is expressed 
as 
(3.22) 
(3.23) 
Where, Fx = Wave force in horizontal direction 
Fy = Wave force in vertical direction 
CDx = Drag coefficient in horizontal direction 
CDY = Drag coefficient in vertical direction 
CMX = Inertia coefficient in horizontal direction 
CMY Inertia coefficient in vertical direction 
D = Cylinder section depth in vertical direction 
B = Cylinder section width in horizontal direction 
A = Cross sectional area of the cylinder 
u = Horizontal particle velocity 
u = Horizontal particle acceleration 
w = Vertical particle velocity 
w = Vertical particle acceleration 
In addition to the drag and inertia forces, a lift force is also associated with the 
loading on a horizontal cylinder. This lift force is perpendicular to the velocity vector 
and rotates around the axis of the cylinder because of the orbital motion of the water 
particles. However, the magnitude, direction and period of the lift force are unknown, 
they cannot be added to the Morison's equation and the effect of the vortex shedding 
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will therefore be shown up as noise in the measurements of the drag and inertia 
components [Teng and Nath (1985)]. 
3.7 Morison Equation for Regular Waves and Currents 
3.7.1 Vertical Cylinder 
Currents commonly occur in the ocean and offshore platforms operate in areas where 
waves propagate on currents. The interaction of waves and currents and resulting 
effect on the response of the structure must be considered for the design of an 
offshore structure. The existence of currents will change the wave parameters and the 
wave kinematics. The wave and current loading on offshore structures is of a highly 
non-linear nature due to the non-linear drag force and free surface effects. These non-
linearities in the load process may introduce non-linear structural response even if the 
structure acts as a linear system. Furthermore, non-linear behaviour also implies that 
the hydrodynamic drag damping caused by the relative velocity between the structure 
and the surrounding fluid is very important for these concepts and there are 
significant uncertainties related to the calculation of environmental loads on these 
structures. 
Sarpkaya and Storm (1985) discuss how the coexisting flow fields in a laboratory can 
be produced by: (i) translating a cylinder in a flume, (ii) oscillating a cylinder in a 
uniform stream, (iii) moving a cylinder with constant velocity while oscillating it in 
the desired direction, (iv) by subjecting a fixed cylinder to an oscillating flow with a 
mean velocity or (v) by translating a cylinder in an oscillating flow and suggested that 
the method (v) will be more suitable in isolating the effect of current on fluid loading. 
Teng and Nath (1985) mentioned that towing a cylinder with uniform speed in a wave 
field takes into account the orbital motion of the water particles and it simulates the 
linear superposition principle for considering waves and current together. This 
method is found to be easier and realistic in situations where the simultaneous 
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generation of waves and current is not possible and hence this method was followed 
in the present study. 
When the cylinder is towed in waves with a speed, Uc, the time period experienced 
by the cylinder is different from the actual wave period (1) and this can be called as 
apparent period, Ta,is given by (Teng and Nath (1985», 
T Ta= ---Uc J--
Cw 
(3.24) 
Where, U c = current velocity or towing speed and Cw = wave celerity. The current 
velocity is taken as positive when the cylinder is towed in the direction of wave 
propagation and negative when the cylinder moves opposite to the direction of wave 
propagation. Similarly, the time scale during one wave cycle and phase angle can be 
expressed by equations (3.25) & (3.26) respectively, 
t 
ta = ---
J- Uc 
Cw 
21tt 21tt e = __ = __ a 
(J T T 
a 
(3.25) 
(3.26) 
In this thesis, wave period Ta has been used for the calculations of dimensionless 
parameters, such as KC and Re numbers. 
In wave and current coexisting fields Morison's equation for a circular cylinder can 
be written as follows [Iwagaki et al., (1984), Li &Ye (1990) and Li & Kang (1992)]; 
(3.27) 
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where Uc is the current velocity and other parameters are already defined. The above 
equation in terms of total horizontal acceleration can be written by [Bearman et aI., 
(1994)] 
(3.28) 
where 
a(u+uc ) ( u )a(u+uc ) a(u+uc ) 
= + u + c + w --'----"-'""-
at ax ay (3.29) 
For a large uniform value of current and for linear wave theory the above equation 
may be simplified as 
d(u+Uc ) 
dt 
au au 
= -+U-
at c ax (3.30) 
Substituting equation (3.30) in equation (3.28) an extension of Morison's equation 
can be formed as 
(3.31 ) 
This modification of Morison's equation when compared with equation (3.27) 
implies that currents following to the wave direction increase the inertia force and 
opposite to the wave direction decrease it. 
An alternative form for equation (3.27) may be written so that the effect of current is 
separated from the wave motion. Then Morison's equation in three terms is given by 
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F 1 C D (C II C U 2 ) C rrD2. = - P D Dl U U + D2 C + P MI-- U 
2 4 
(3.32) 
Sarpkaya et aI., (1984) by using the above equation in a test with wave and uniform 
current co-existing field found that the coefficients eM} and CD! are much different 
from those in wave only situation. They concluded that the separation of two terms 
Morison's equation into three terms is not meaningful. 
3.7.2 Horizontal Cylinder 
When a current is superposed on the waves, first, the current will generate a mean 
drag in the horizontal direction, which can be expressed in terms of drag coefficient 
in the usual way and second, the current, combined with viscosity-induced circulation 
around the cylinder will produce a steady vertical lift, proportional to the product of 
the current speed and the square of the wave amplitude. When the current flows in the 
direction of wave propagation, the steady lift will act upwards and for opposite 
current and waves the lift will act downwards. However, in the case of horizontal 
cylinders, Morison's equation can be modified for the coexisting case of waves and 
currents by replacing 'u' by 'u+Uc '. Where, u is the horizontal water particle 
velocity and Uc is the current velocity. The horizontal and vertical forces are 
calculated from the following expressions, 
Fy = .!.. pC DY B w~«u ± U C)2 + w2 ) + p C MY A w 
2 
(3.33) 
(3.34) 
The inertia forces are related to local accelerations that do not include the convective 
contributions uau / ax, u8w / ax . 
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3.8 Morison Equation and Random Waves 
3.8.1 Random Wave Model 
In general, the sea surface elevation, 71(1), may be described as an evolutionary 
stochastic process. However, for short tenn intervals of the order of a few hours, the 
sea surface is assumed to be a zero mean, stationary Gaussian process. This means 
that the statistical properties of the waves are completely described by the mean 
square spectrum. It is assumed that the waves are uni-directional and long crested and 
that linear wave theory can be used to relate the water particle kinematics to the 
surface elevation. Since the governing equation (Laplace equation) and boundary 
conditions are linear in small amplitude wave theory, it is known frorn rnathernatics 
that srnall amplitude waves are superposable. This rneans that the superposition of a 
number of linear waves with different wave height and wave period results in a 
randorn wave. Then the profile of a random wave can be expressed as 
(3.35) 
where, Hn = wave height, kn = 2rc / Ln , Ln = wave length at the frequency (0", E" = the 
phase associated with the nth component and N is the number of waves. 
The random wave water particle velocities and accelerations are given by 
(3.36) 
(3.37) 
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(3.38) 
(3.39) 
where, z is the depth at which the kinematics are to be computed, and is measured 
positive upwards from SWL and kn is the wave number corresponding to the nth 
component and is related to the angular frequency through the linear dispersion 
relationship: 
(3.40) 
in which g = gravitational acceleration. 
Morison's equation itself was only assumed for periodic waves, and its use under 
conditions of random waves has been questioned (Vugts, 1979). Vugts & Bouquet 
(1985) in a non-linear frequency domain procedure investigated on the wave force 
mechanism on an element of a vertical cylinder in long crested random waves without 
current. They concluded that there remains a degree of uncertainty associated with the 
use of Morison's equation to calculate extreme local loads on offshore structures. In 
spite of that they suggested with more confidence in a practical sense that Morison's 
equation can be extended to the condition of random waves from regular waves. 
An expression for the spectral density of the in-line wave force based on 
linearization of the drag force component in the Morison's equation is given by 
(Borgman, (1972}), 
(3.41) 
where, 
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S FF ( W ) = spectral density of wave force 
S uJ w) = spectral density of in-line velocity 
S titi (w) = spectral density of in-line acceleration 
a: = variance of the in-line velocity 
Kd = a.5eD pD and 
K; = CM pA 
Linearisation of the drag force allows the approximation that the velocity component 
at one frequency effects only the drag component at that frequency. The steps 
involved in the estimation of a wave force spectrum (Sarpkaya and Isaacson, 1981) 
are shown in Fig.3.6. Alternatively, a force spectrum can be obtained through Fast 
Fourier Transform (FFT) method analysis of the calculated or measured force. 
Adopting Fourier model, the wave surface elevation can also be represented as 
00 
17( I J = J X ( f J eiW1 dl (3.42) 
where i = ~ and X ( f J is the Fourier transform of 71 . Noting that 
ei8 =cosO +i sinO, equation (3.42) becomes 
ao 
17(1 J = f X( f J[ cos wI +i sin wI ]dl (3.43) 
Since 17(1 J is a real quantity, the integral in equation (3.43) must also be real. The 
Fourier transform, X ( f J, in general, be a complex quantity. It can be shown that 
ao 
X( f J = f 17(tJe-iW'dt (3.44) 
or 
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ao 
X( f) = J 17(t)[cosmt-isinmt]dt (3.45) 
As 17( t) is recorded as a discrete series, equation (3.45) can be further shown as 
X(n I~) = ~ I 7]( j~ IN )[cos(271"in I N )-i sin(27rjn IN)] (3.46) 
N j=O 
where (nlTr) = f and (T,IN) = dt = sampling interval, N is the number of points in the 
time series, Tr is the length of the time series and n is ranges from 0 to N-I . 
Now, with X(f) the spectrum is given as 
s,,( f )=~\X( f )\2 
1',. 
(3.47) 
. where, IX ( f JI is the modulus of the complex Fourier transform. As the Fourier 
transform is complex, it defines both amplitude and phase. 
3.9 Diffraction Forces 
3.9.1 General Formulations 
The inertia and drag forces on an offshore structure with slender structural members 
can be calculated using Morison's equation as mentioned in the above sections with 
the assumption that the water particle velocity and acceleration in the region of the 
structure do not differ significantly from the values at the cylinder axis. For larger 
structural diameters the incident wave is significantly disturbed by the presence of the 
structure. The interference of the incident wave and the body can be derived from the 
superposition of the potentials of the undisturbed incident wave and an induced wave 
field of the same frequency, generated by and radiating from the body. Here the 
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viscous forces are of less significance, since the ratio of wave height to structural 
diameter remains sufficiently small. According to potential theory, the pressure 
distribution and the corresponding forces can be calculated from the velocity 
potential. 
In this work, apart from the experimental investigation, a theoretical analysis has 
been carried out on the cylinders in the diffraction regime using a computer program 
available in the Department of Naval Architecture and Ocean Engineering, Glasgow 
University. The details of the program are available in Chan (1990) and a brief 
description only is given below. The fonnulation of three-dimensional flow for the 
computation of the boundary value problem for a rigid body, is based on the 
assumption that the fluid is ideal and the flow is irrotational. The body is assumed to 
be rigid. It is also assumed that no flow of energy occur through the bottom surface 
or the free surface. Energy is gained or lost by the system only through waves 
arriving or departing at infinity. To represent a possible case of potential flow, it is 
assumed that a velocity potential exists with assumptions that the fluid is 
homogeneous, incompressible, inviscid and the surface tension is neglected. Based 
on these assumptions, the velocity potential of the flow field must satisfy the 
Laplace's equation, body boundary, bottom boundary and linearised free surface 
boundary conditions as stated below. 
Laplace's equation; 
Free surface condition; 
Body Boundary Condition; 
0<1> g- =0 
8z 
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(3.48) 
at z = 0 (3.49) 
71 
V'<Il. ii = 0 
where, So is mean wetted surface area 
Sea bed boundary condition; 
8<1l = 8<1l = 0 
8n 8z 
where h is the depth of the sea. 
Far field radiation condition; 
lim r 
"r<ll = 0 
r~oo 
on So (3.50) 
on z =-h (3.51 ) 
(3.52) 
The total velocity potential <Il(x,y,z,t) is decomposed linearly into two distinct 
components namely the incident potential, rP 0 and diffraction potential rP 7 as follows: 
(3.53) 
where to is the incident wave amplitude. 
The linear boundary value problem posed by equations (3.48) to (3.53) is solved by a 
three dimensional source-sink Green function method. The two integral equations 
required for the solution is given as below, which can be derived by applying Greens 
second identity and the body boundary condition: 
(3.54) 
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f fa(q)G(p;q)ds(q) = 47Z"qJ(p) (3.55) 
So 
where (J represents unknown strength at the source point q and G(p:q) represents the 
Green function and is given by (Chan 1990) for the finite water depth. 
3.9.2 Solution Procedure 
The three-dimensional Green function method is an integral equation used in solving 
a linear boundary value problem which utilises Green function based on Green's 
second identity to define the velocity potential of the flow field. The Green function 
itself must satisfy the Laplace equation and the surrounding boundary conditions 
except the cylinder boundary condition. This Green function in finite water-depth 
condition is given by (Chan, 1990). 
1 1 G(x,th.j) = ----+H(x,th,f,E) (3.56) 
r rh 
The term l/r is the source singularity and H* is the regular harmonic function defined 
by: 
__ -.!.. '" "'J (k +(J+ie)2)e-khcosh(k(z + h)) 
H(x,th,f,E) - J dP da ( 2) 
7Z" -«> -«> k ktanh(kh)-(J+iE) (3.57) 
cosh (k(( + h)) i(ac'+(jy') 
---'----:----:---'- e 
cosh(kh) 
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where,8 is the Rayleigh artificial viscosity (Lighthill, 1967),/is the non-dimensional 
wave frequency, h is the water depth and x and ~ are the non-dimensional field and 
source point locations respectively. With the known Green function, the velocity 
potential of the flow field on the cylinder boundary surface can be determined by 
substituting the Green function into the following set of discretized integral equations 
derived using the cylinder boundary condition and Green theorems. 
(3.58) 
(3.59) 
for i= 1,2, ... N 
where the Green function G( p. q ) represents the potential at the field point p due to 
the unknown strength cr at the source location q and Lo is the undisturbed waterline 
contour on the cylinder surface. The variable N is the total number of flat 
quadrilateral panels used to model the cylinder surface. 
To solve the diffraction problem, the rectangular cylinder surface is first discretisized 
into N number of quadrilateral panels or facets. For example, in Figs 3.7(a) and (b), 
the typical body surface panels for the vertical rectangular cylinder with aspect 
ratio == Y2 and the same for horizontal rectangular cylinder are shown. The number of 
panels used is also shown. It has been found that for both the configurations a 
maximum of about 150 panels are more than enough to produce the maximum 
accuracy in the results. The water depth used for both vertical and horizontal 
cylinders is 2.2m 
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The source strength on each facet is assumed as constant and the centroid is taken as 
the control point and the variation of the source strength over each panel is assumed 
constant. Equation (3.59) can now be solved to obtain the unknown source strength 
after which the surface scattered potential can be detennined from equation (3.58). 
With the known surface scattered velocity potential, the hydrodynamic pressure 
loading on the cylinder can now be derived as: 
N 
F = -p Hiron(~o + ~s}is = -p L iron j(~o(p j) + ~s (p j) ~s j (3.60) 
~ ~I 
where n j is the normal surface vector of the /h panel. 
From the above equation, the wave exciting forces and corresponding phase angles 
can be evaluated. This work allowed an assessment to be made of the importance of 
diffraction effects for these experiments. The results are reported in section 6.6. 
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Fig. 3.1 (a) Definition sketch showing the solution domain for 
linear wave theory. (b) The governing equation, boundary 
conditions and the solution domain for linear wave theory. 
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CHAPTER 4 
EXPERIMENTAL SET-UP AND TECHNIQUES 
4.1 General 
In this chapter the experimental set up is discussed. The cylinder models built and 
used are detailed. A description of the tank test facilities is also explained. Details of 
the instrumentation, calibration and data acquisition procedure adopted are described. 
Wave generation methods are also included. 
4.2 Description of Cylinder Models 
The rectangular cylinder was constructed using 7mm thick PVC plates with internal 
bulkheads spaced equally along the length of the cylinder. Three cylinders were used 
for the tests and the details are given in Table 4.1. The cylinder was made of three 
hollow sections connected by an inner rectangular beam (mild steel box sections) at 
the centre. The centrepiece, being the test section, was situated at the mid-length of 
the cylinder and is 100 mm long. When all the three sections are joined together they 
form a cylinder of total length of 2.0 m (Photos 4.1 to 4.3) with a smooth painted 
surface. The test section was separated from the adjacent dummy sections by 
providing a narrow slit of 2 to 3 mm to avoid the interference from the dummy 
sections and this gap was then covered by a flexible thin rubber sheet to prevent water 
entering into the load section. To study the effect of orientation of the cylinder with 
respect to the incoming waves, a term is defined as aspect ratio, which is taken as the 
ratio between the dimension of the cylinder normal to the wave direction and the 
dimension of the cylinder paral1el to the wave direction. Table 4.1 shows the 
cylinders sectional dimensions and the corresponding aspect ratios chosen for the 
present study. The sizes of the inner r~tangular beam (steel box sections) chosen 
were 6"x 4", 6"x 3" and 2.5"x 2.5" for cylinders 400x300mm, 400x200mm and 
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150x 150mm respectively. In order to conduct experiments at high Reynolds numbers 
and at low Keulegan-Carpenter numbers, large sizes of the cylinders were chosen. 
The test section was instrumented with four waterproof strain gauge type load cells; 
one load cell is fixed on each side of the cylinder to measure the forces on the test 
section. The load cells are NOV ATECH model of type F255, manufactured by 
Novatech Measurements Ltd, UK and made of stainless steel body with a diameter of 
30mm and a height of 16mm and is submersible in water. The load cells have two 
welded stainless steel diaphragms on the top and bottom sides of the active 
element to protect the load cell. Four strain gauges are in each load cell, making a 
full bridge connection. Each load cell has a working temperature range of -30°C to 
+80oC and is capable of measuring tension and compression loads up to 25 kgf. The 
load cells have a threaded stud on the base, which was threaded into the cylinder's 
inner beam flange at the height of the test section and an active threaded stud, which 
was threaded to one plate of the test section covering it and forming one face of the 
test section. In a similar way, the other faces of the test section were assembled (Refer 
Fig. 4.1). Note that this drawing was made for a square cylinder of size 400x400mm 
and was used only as a reference to other cylinders. The dimensions of the material 
used for constructing the loading sections for other cylinders are suitably scaled 
down. The average of the forces measured by the two load cells, fixed on opposite 
sides of the inner rectangular beam is taken as the force acting from the 
corresponding direction. The load cells were connected to an amplifier, one load cell 
per channel, with their cables running inside the test cylinder through a small PVC 
tube that runs from the test section to one end of the test cylinder, leaving the exterior 
of the cylinder surface perfectly smooth. 
In addition to the load cells, pressure transducers were fixed on a section, which is 
located at 250 mm from the centre of the load cell test section, to measure the 
dynamic pressures. Holes were drilled on the surface of the cylinder to the size of the 
pressure transducers and after fitting the pressure transducers into the model, the gaps 
were sealed with water proofing material. The pressure transducers are 
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MEDIAMA TE type and manufactured by Control Transducers, UK. The dimensional 
detail of the pressure transducers is shown in Fig. 4.2. The pressure transducers are 
capable of measuring pressure up to 15psi. The instantaneous change in the 
displacement of the diaphragm due to the action of external pressure is proportional 
to the instantaneous change in applied pressure. The maximum sensitivity of each of 
the pressure transducer is 50m V at about 20°e. The location of pressure transducers 
around the cylinders is conceptually shown in Fig. 4.2. There were 12 pressure 
transducers used for case C, 10 pressure transducers for case B, but for case A 
pressure transducers were not used, as the size of the pressure transducers are large 
and cannot be properly fitted in to the model. The reason for fitting only 10 
transducers for the case B is again due to the large size of the transducers and less 
width of the cylinder. In order to measure the run up on the surfaces, two resistance 
type wave probes were fixed on the cylinder surface, one at the centre line of the side 
normal to wave and the other at the centre of the face parallel to the wave. 
The cylinders were submerged in water for about 48 hours to make sure that they 
were watertight. 
4.2.1 Effect of End plates 
In the present experiments, the end effects on the force measurements were assumed 
to be negligible as the force measurements were made only on the mid 100 mm 
instrumented section of a two-meter cylinder, which is located between two dummy 
sections. It is to be noted that the cylinders in fact had end plates of rectangular shape 
at their ends; however, they were primarily used as a joining plate to the supporting 
frames rather than acting as end plates. Even though they were not designed to the 
proper end plates design requirements, still they can be considered as end plates. 
From chapter-6, the good comparison of the present results to the exiting results 
[Bearman et al. (1984), Ikeda et al. (1988b), Arai (1993,1995)], reveals that these 
plates might have been acted as a proper end plate to some extent to give a two 
dimensional flow around the cylinder. However, it cannot be denied that the 
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experiments are completely free from end effects and the results may have been 
affected by the three-dimensional flow around the cylinder end, but not to a great 
extend. If the force measurements were made on the total length of the cylinder, then 
it would not be so easy to make the above statement, as the end effects will certainly 
have influences on the coefficients. The following literature discusses some detailing 
on the end plates and their influence on force measurements. 
In an investigation with a circular cylinder in wind tunnel Stansby (1974) provided 
the end plate design and claimed that by using the end plates, the effects of the tunnel 
wall boundary layer will be removed by causing a two-dimensional flow. The results 
showed that using rectangular end plates with an upstream dimension (distance of the 
leading edge from cylinder axis) sufficiently large to isolate horseshoe vortex 
generated at the wall-model intersection. He has used rectangular end plates with a 
width of 7 D normal to the axis (where D is the diameter of the circular cylinder). The 
distance from the axis of the cylinder to the trailing edge of the plate was 4.5D and 
the distance from the axis of the cylinder to the leading edge of the end plate was 
varied from 1.5D to 3.5D. The cylinder's length to diameter ratios (lID) used are 
about 29 and 14. Stansby reported much low base pressure coefficient for cylinder 
without end plate compared to the one with end plate for a Reynolds number = 
1.6x104• However, for a higher Reynolds number = 4.0xI04, the base pressure for 
cylinder without end plate at the centre of the span approaches the value of the base 
pressure with end plate. 
Fox and West (1990) concluded from the tests on circular cylinders in wind tunnel 
(Re == 3 .3x 104 to 13 .2x 104) that if the end plates of the proportions recommended by 
Stansby( 1974) are used, then (i) the length to diameter ratio(lID) of the cylinder 
between the end plates must be greater than a critical minimum of 7.0 to ensure the 
presence of 'two dimensional' flow conditions over the central portions of the 
cylinder, (ii) the interference effect associated with each plate extend over a constant 
distance of 3.5 D from the plate and (iii) if the liD ratio between tunnel walls is 
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greater than 30, it is not necessary to use end plates to achieve • two dimensional' 
flow. 
Okamoto and Yagita (1984) studied the flow past a circular cylinder in a shear flow. 
One end of the cylinder was fixed to a flat plate and was resting on the bottom of the 
wind tunnel and another end was free. The velocity profile of the uniform shear 
stream used is of the form U = U c + A, ( z - h 12), where U is the local velocity of the 
free stream, U c is the velocity of the free stream at z = h 12, h is the height of 
working section of wind tunnel, z is the vertical coordinate with origin at the bottom 
of the cylinder and A, is the velocity gradient. The length to diameter ratios (lID) of 
the cylinders used were 1,3,5,7,9,12,15 andoo. The drag coefficients were computed 
from the surface pressure measurements. The experiment was carried out at a 
Reynolds number = 1.3x104• It was concluded that the range of end effect is limited 
to the region within 3 times diameter from the top of cylinder in such a uniform shear 
stream. 
Nakamura et a1. (1991) experimentally investigated the three dimensional effects of 
hydrodynamic forces acting on finite length vertical circular cylinders each of 32 mm 
diameter, in an oscillating flow. Four cylinders of different cylinder's length to 
diameter ratios (lID = 1, 3, 10,20) are used without end plates and one cylinder with 
liD = 3 was fitted with end plates of diameter of 160 (equal to 5 times cylinder's 
diameter). The cylinder with liD = 20 was called as quasi-2D cylinder. The 
hydrodynamic coefficients were computed from simple harmonic forced surging tests 
on the cylinders for KC = 4- 40. Their analyses showed, as a general trend, that the 
CD for quasi-2D cylinder is slightly smaller than CD for the cylinder with end plates; 
and for finite length cylinders CD decreased with decrease of liD. The inertia 
coefficients decreased with increasing liD and the lift coefficients increased with 
increase in liD. However, the important point to be noted here is that the author 
claims that at the region of KC~8, there were no differences in the inertia 
coefficients between the quasi-2D cylinder and the finite length cylinders. A similar 
trend was also seen for lift coefficients where the coefficients for all the cylinders 
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appear to be showing similar values at this range of KC numbers. However, CD 
showed a slightly higher values for cylinders with liD == 20 and for quasi-2D cylinder. 
Hashino et al.(1993) studied the hydrodynamic forces acting on finite-length vertical 
circular cylinder oscillating in an unifonn flow with liD ratio between 2 to 15. They 
have also varied the depth of force measurement with zlD ratio between 0 to 5, where, 
z is the length of portion the cylinder from the bottom of the cylinder to the 
measuring section and D is the diameter. The Reynolds number used varied from 
3.0x103 to 4.3x104. In oscillating flow tests, the authors claimed that the tendency of 
drag and inertia coefficients of their study agreed quite well with the results reported 
by Nakamura et al. (1991). At KC less than about 6, varying liD ratio did not show 
any significant change in the inertia and lift coefficients and the values are virtually 
same as those obtained for a cylinder with liD == 00. 
From the above-mentioned works one would realise the importance of the presence of 
end plates. It is to be noted that the above literature are related to the circular 
.. cylinders and such infonnation for rectangular cylinders are not available in order to 
establish a relationship to the cylinder liD ratios and the corresponding flow 
measurements. However, these research works confinns that the length to diameter 
ratio of a cylinder will influence the hydrodynamic coefficients only for higher KC 
values and therefore it gives a satisfactory reason to accept that under the conditions 
such as used in the present study, the end effects may considered to be ignored at low 
values of KC. Based on the liD ratios obtained (Table.4.l) in the present work, it 
may be possible to argue that within the range of Reynolds number and KC numbers 
tested in the present experiments, the end effect on the reported force coefficients 
may be ignored, and even if it did, it will be of negligible amount as the force 
coefficients compares quite well with the coefficients reported in the literature for 
both steady and wavy flow. 
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4.2.2 Natural Frequency Calculations 
The natural frequency of the cylinders used for the tests are approximately calculated 
as follows: 
The horizontal cylinders are assumed to be rigidly fixed at both ends. Using classical 
beam theory the linear spring constants for a beam clamped at both ends and centrally 
loaded is given by [Barltrop and Adams (1991)] 
k 192E1 
13 
(4.1) 
where, E1 is the flexural stiffness and 1 is the length of the beam(cylinder). The spring 
constant for a cantilever beam with one end fixed and other end is free (represents a 
vertical cylinder) with a load acting at a distance 10 from the fixed end is given as 
k= 6EI 
1;(31-10) 
The natural frequency of the cylinder can be calculated as 
where, 
J" =_1 {k 
27r V;; 
( rad! sec) or 
(Hz) 
rna = actual mass per unit length 
CA = added mass coefficient 
A = area of the cylinder 
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(4.2) 
(4.3) 
(4.4) 
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The natural frequencies calculated for both vertical and horizontal cylinders are 
tabulated in Tables 4.2 and 4.3 respectively. The wave frequency used for the 
experiments ranged from 0.425 - 1.0 Hz and from the tables it is evident that the test 
cylinder's natural frequencies are nowhere close to the wave frequency. 
4.3 The Towing Tank 
The experiments were carried out in the towing tank of the Hydrodynamic Laboratory 
of the Department of Naval Architecture and Ocean Engineering at the University of 
Glasgow. The dimensions of the tank are 4.6 m wide, 2.7 m deep and 77m long with 
a working water depth of 2.4m. The experiments for the present study were 
conducted in a water depth of 2.2. The tank is equipped with an electro-hydraulic 
paddle/flap type wave maker fitted across the width of the tank at one end. The wave 
maker can generate regular and random waves in the frequency range of 0.3 - 1.4 Hz. 
At the other end of the tank, an inclined mesh beach of 6m length is fitted to absorb 
the energy of the oncoming waves and the beach effectively dissipated most of the 
wave energy. Further, a time interval of about 15 to 30 minutes were allowed 
between the experiments to make sure that the water was still at the beginning of each 
test. The tank is also equipped with an electronically controlled towing carriage with 
an observation platform, whose dimensions are approximately of 5m x 6m in plan, 
and running on rails with a maximum carriage speed of 6.4 m1sec. The carriage is 
driven by four on board servo-controlled electric motors. 
The cylinder was rigidly fixed on to the carriage and positioned at the centre of the 
tank width as shown conceptually in Figs. 4.3 and 4.4, for the vertical and horizontal 
modes respectively, using a specially designed frame that avoids any vibrations and 
movements during the wave impact. The centre of the test section was at 0.46 m from 
the still water level (SWL) for the vertical cylinder. For the horizontal cylinder, two 
depths of submergence were chosen. For the first depth of submergence, the centre of 
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the test section was located at 0.47 m from the SWL and for the second depth of 
submergence, the centre of the test section was at 0.82 m from SWL. Considering, the 
geometry and strength of the fixing frame, the maximum depth to which the cylinder 
can be lowered was only 0.82m and hence this depth has been chosen. The carriage 
with cylinder was positioned at 25m away from the wave maker when the 
measurements were made for wave alone. When the cylinder was tested horizontally, 
no end plates were fitted to the cylinder and it was assumed that the effect of flow 
around the end of the cylinder would not affect the force measurements on the test 
section as it is located far from the end connections. 
The deflections for the cylinder models, at the location of the test section, both in 
vertical and horizontal fixing modes are found to very small, in the order of a few 
millimetres. In the above configurations, the frontal area of the biggest cylinder used 
for tests is 6.63% of the water filled cross section of the flume for the vertical case 
and 6.82% of for the horizontal case. However, no blockage corrections were 
applied to the force measurements as there is no reliable technique available to apply 
the blockage corrections for unsteady separated flows with a free surface [Chaplin 
(1997)]. 
4.4 Instrumentation Set-Up and Data Acquisition 
The block diagram of the instrumentation set-up used for the present experimental 
investigation is shown in Fig. 4.5. A resistance type wave probe was placed in 
transverse line with the axis of the cylinder to measure the wave profile and phase 
angles. Further, three additional wave probes, connected to a chart recorder, were 
employed to monitor the linearity of the wave across the tank width, one is fixed at 
the centre of the tank and others were fixed at quarter width of the flume. The wave 
probes were connected to the wave amplifier and then the signals were taken to a 
filter and finally they were stored in the computer. The amplifiers used are of 
instrumentation type, from a range of RDP DA T ASP AN modules of version 
DS2028A and are suitable for dynamic measurements up to 200 Hertz. It consists 
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essentially of a stable oscillator, a high gain carrier amplifier and a phase-sensitive 
detector. The signals from the load cells were fed to the input of the amplifier. The 
amplifier sensitivity was set at 10 milli-volts to achieve a highly accurate 
representation of the loads on the load cells. The amplifier is of high impedance 
differential stage with high common mode rejection ratio (CMRR) of 100 dB. This 
allowed the amplifier to amplify only the signals from the load cells, ignoring any 
common mode signals. 
The output signals from the amplifier were then fed to a low pass filter of type Sallen 
Key 2 poles Butterworth and had attenuation of 40 dB at 50 Hertz, designed for a cut 
off frequency of 5 Hertz, to reject any noise and high frequency components in the 
signals. Subsequently, the signals were stored on a personal computer in data form. 
The host computer is an IBM PC 386, connected to the wave making system, which 
controls the wave maker. Software has been developed by the Department of Naval 
Architecture and Ocean Engineering for the generation of waves. Regular or random 
waves are specified by their wave heights (in terms of voltages in the case of regular 
waves) and wave frequencies and are entered in to this computer. The software 
generates text files containing time series of the required wave maker flap position 
and the program sends these data to a digital - analogue card, which converts the data 
into voltages and this voltage signal is finally fed to the wave maker. 
The data were collected using data acquisition software LabVIEW 4.1, by National 
Instruments Corporation. It has the capability of collecting data with 32 number of 
channels simultaneously. The computer used for data acquisition and storage is a 
Pentium-II 266 mHz with 120 MB memory. The physical quantities viz., water 
surface elevations, pressures and loads on the cylinder were acquired as electric 
signals (voltages) from the corresponding gauges, transducers and load cells via the 
amplifier and filter. The data collected in the form of voltages are then fed to an 
analogue to digital converter and these digital values are then converted to the 
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required physical variables using corresponding calibration coefficients and the data 
is stored as text files for further analysis. 
4.5 Calibration of Load Cells, Pressure Transducers and Wave Probes 
(i) Load Cells: 
A special frame consisting of channels and bracing with frictionless pulleys and 
string was fabricated for the calibration of load cells. The individual load cells were 
first calibrated in air, before they were fixed inside the cylinder model, by applying 
known loads and this was done to check their loading perfonnance. The calibration in 
water was carried out after mounting the cylinder rigidly to the desired orientation. 
The calibration frame was fixed in such a way that the string connecting the loading 
pan at the other end of the pulley-string system is perfectly inline with the axis of the 
load cell, thus ensuring that the load is applied without any eccentricity. The 
calibration was carried out by adding weights in steps of lOOg up to a maximum load 
of 5kg and then removing the weights in steps of 100g to check the linear behaviour 
of the load cells. The load cells perfonned very well in the loading range tested. The 
calibration procedure was repeated for the same load cell for another time to check 
for repeatability of the calibration constant and they were found to be the same at all 
times. The same procedure was repeated for all the load cells and calibration 
constants were detennined for individual load cells. Sample records are shown in 
Fig. 4.6, for a load of I kg and 4 kg applied at a load cell-No.1 as a static run. It is to 
be noted that when a load cell (say No.1, fitted at face -1) is loaded, the contribution 
from the load cells (say No.3 and 4) placed at faces right angles to this load cell-
No.1, are very small loads. This ensures that a particular load cell is picking up only 
the forces acting on it and the coupled loads from other load cells were not much 
significant. However, the contributions of this small load from the load cells 3&4 
were accounted properly while arriving at the calibration constants for load cell-I. A 
similar procedure was followed for load cell-2. All the four loads have been checked 
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in this way. The measurements with the calibration constant has reproduced the 
original loads within ± 3%. 
(ii) Wave probes: 
The wave probe is fixed in water and the still water reading was recorded as zero 
reading. Then, the wave probe was lowered into the water in steps of 5cm up to 
30cm and the readings were noted. Again the wave probe was raised in steps of 
5cm up to 30 cm above the still water level and the values were recorded and this was 
done to check the linearity for wave crest and trough. From the recorded value the 
calibration constant was calculated. The same procedure is repeated for all the wave 
probes. The accuracy of the measurements was within ± 2.Omm. 
(iii) Pressure transducers: 
The pressure transducers were calibrated by using a hand held pressure pump. The 
pressure from the pressure pump was applied in steps of 2psi and calibration charts 
were prepared. The accuracy of the measurements was within ± 0.00 1 psi. 
4.6 Wave Characteristics 
4.6.1 Regular Waves 
For the generation of regular waves a software 'WA YE', developed by the 
Hydrodynamic Laboratory has been used. W AYE is a simple program that reads a 
time series file of voltage values and sends them via a DI A card in the computer to 
the wave maker control hardware. There are other programs called 'GENERATE', 
which generates the regular wave time series, and 'RANDOM' which creates the 
random sea time series file. WAVE and GENERATE are written in Turbo PASCAL 
and runs on the wave maker control computer. RANDOM is written in FORTRAN 
and runs on the ALPHA system. 
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For the tests with regular waves, the wave heights selected ranged from 0.05m to 
0.38m and the wave periods selected ranged from 1.0 to 2.35 sec. The tests with 
above wave heights and periods indicate that most of the experiments pertain to 
deeper water region and some are in the intermediate water depth. For each aspect 
ratio of the cylinder, experiments were carried out for about 50 waves with different 
combinations of wave heights and wave periods. A list of wave heights and wave 
periods measured for aspect ratio = 112 is shown in Table 4.4. The wave profile and 
forces were recorded for 60 seconds with a sampling interval of 0.025 sec. Sample 
records of the measured wave profile are shown in Fig. 4.7, for a sampling time up to 
40 seconds and these plots illustrate that the wave profiles are not affected by the 
reflected waves. However, long period waves were disturbed by the reflected waves 
after a time period of about 40 to 50 seconds, and the data with reflection were 
excluded from the analysis. Note that the wave elevations in Fig. 4.7 are recorded 
with the presence of cylinder. 
For regular waves and currents, the cylinder is towed in regular waves for following 
(positive current) sea and head sea (negative current) to produce co-existing wave-
current effect. The cylinder was towed with speeds of O.lm/s, 0.2m1s, 0.3m/s and 
0.4 mls in both directions. 
4.6.2 Random Waves 
The program RANDOM, simulates random wave field by random phase method. The 
sea surface elevation can be represented as: 
N 
71(t) = L ~ cos(27rfnt+&n) for t = 0 to TL 
n ~ I 
where, An is the wave amplitude of the nth component and fn is the frequency of the 
nth component, both chosen from the energy spectrum, in our case it is a Jonswap 
and a Pierson-Moskowitz spectrum. The spectrum is divided into N equal frequency 
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components, each of width 6.1, over the range of frequencies 0 and 1m. where 1m is the 
maximum generated frequency. The random phase angle en is uniformly distributed 
in the interval 0 to 21r. The amplitudes, An' associated with wave frequencies in the 
small interval 6./ is 
An = ~2S'1(n6./)6./ n=1,2, .... N (4.1) 
The value of 6./ is chosen such that 
(4.2) 
where TR is the length of simulation time and is given by TR = (M-1) Ilt , M is the 
number of data points in a record. 
The minimum and maximum cut of frequencies set are 0.35 Hz and 1.4 Hz 
respectively. For the random wave force studies, the wave field is assumed to follow 
a two parameter Pierson-Moscowitz (P-M) and JONSWAP spectra and these spectra 
are given by expressions (4.3) and (4.4) respectively, 
= 5H~ (~ )5 exp [_ 5( Wo )4] 
J6wo W 4lw 
(4.3) 
(4.4) 
Where, S'1 «(J) ) = Wave spectral density, 
H s Significant wave height, 
UJ = Peak frequency 
o 
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m = briT. 
y Peak enhancement factor = 3.0 
(j = 0.07 for CtJ < CtJo 
(j 0.09 for m;::: {J)o and 
[
-(W!Wo -Ii] a = exp , 
2(I" 
The present tests were carried out with the assumption that the linear wave theory is 
valid to predict the water particle kinematics under random waves at the axis of the 
cylinder. It was further assumed that the reflection from the beach and side walls of 
the tank has negligible effects on the measured water surface profile and forces on the 
cylinder. 
The significant wave height and peak period used for the tests are shown in 
Tables.4.5 & 4.6 respectively for PM and JONSW AP spectra. At each frequency 
three different significant wave heights were applied. Each random wave profile and 
forces were recorded for 120 seconds with a sampling interval of 0.05 sec. 
The combination of random waves and currents has not been reported in this study. 
Some trials showed that towing the cylinder in random waves affected the wave 
surface profiles. 
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Photo 4.1 Square cylinder under construction 
Photo 4.2 Square cylinder with bulkheads covered with smooth PVC plates 
Photo 4.3 Square cylinder in still water of the towing tank 
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Table 4.1. Cylinder model details 
Aspect Ratios 
Case Cylinder Sectional 
Dimension (mm) 
Vertical Case Length/diameter Horizontal Length/diameter 
(liD) Case (liD) 
A 150 x 150 1.0 13.33 1.0 13.33 
B 200 x 400 112 & 2/1 10&5 112 10 
C 300 x 400 3/4 & 4/3 6.67 & 5 3/4 6.67 
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Table 4.2. Natural frequency calculations for vertical cylinders 
Ep = 3.4 GN/m2, Es = 195 GN/m2, Pp= 1200 kglm3 and Ps = 7800 kglm3, (s for Steel andp for Perspex) 
Aspect ratio Ap As CA m EI k In 
(m2) (m2) (kg) xl04 (kg_m2) x105 (kglm) (Hz) 
1.0 0.0040 0.0015 1.2 74.9 4.076 0.238 2.84 
112 0.0082 0.0027 0.67 146.9 80.02 4.674 8.96 
2/1 0.0082 0.0027 2.14 318.6 20.02 1.168 3.05 
3/4 0.0096 0.0031 0.90 235.6 112.8 6.584 8.41 
4/3 0.0096 0.0031 1.50 340.7 56.57 3.301 4.95 
---'---
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Table 4.3. Natural frequency calculations for horizontal cylinders 
Aspect ratio Ap As CA m E1 k In 
(m2) (m2) (kg) x104 (kg_m2) x105 (kglrn) (Hz) 
I 
i 
1.0 0.0040 0.0015 1.2 89.48 4.076 9.784 16.64 
I 112 0.0082 0.0027 0.67 175.91 20.02 48.05 26.3 
3/4 0.0096 0.0031 0.90 293.9 56.57 135.77 34.2 
--- - -- ---- ---- --
109 
Table. 4.4 List of wave heights and wave periods for regular waves for 
aspect ratio = % (measured) 
Sl. No Wave Ht Wave Period Sl.No Wave Ht Wave Period (m) (sec) (m) {sec) 
1 0.0811 2.3453 27 0.2936 1.7173 
2 0.0955 2.3373 28 0.3313 1.713 
3 0.1075 2.3333 29 0.3589 1.7062 
4 0.1358 2.3397 33 0.1604 1.5679 
5 0.1819 2.33 34 0.2291 1.5652 
6 0.2214 2.3421 35 0.3029 1.5615 
7 0.3164 2.3287 36 0.0528 1.359 
8 0.0598 2.1391 37 0.1022 1.3642 
9 0.1211 2.1384 38 0.1193 1.3567 
10 0.1681 2.1308 39 0.1663 1.3574 
11 0.2211 2.1391 40 0.2093 1.3529 
12 0.235 2.1473 41 0.2154 1.3605 
13 0.2887 2.1534 42 0.2486 1.3547 
14 0.3329 2.1325 43 0.2843 1.3613 
15 0.0604 1.9458 44 0.0614 1.1721 
16 0.1252 1.951 45 0.1305 1.1763 
17 0.1542 1.9388 46 0.1808 1.1773 
18 0.1773 1.9494 47 0.2359 1.1745 
19 0.2239 1.9469 48 0.2226 1.1743 
20 0.2898 1.9461 49 0.2645 1.1737 
21 0.3848 1.9464 50 0.2887 1.1743 
22 0.0606 1.72 
23 0.1154 1.7111 
24 0.1411 1.7196 
25 0.1624 1. 7193 
26 0.2409 1.7163 
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Table. 4.5 List of wave heights and wave periods for random waves 
PM spectrum (measured) 
Wave. No Significant Wave Ht. Peak Period 
Hs(m) Tp (sec) 
PM_SI5_I 0.069 1.39 
PM_S15_2 0.135 1.40 
PM SI5 3 0.171 1.41 
- -
PM S15 4 0.086 1.60 
- -
PM S15 5 0.155 1.59 
- -
PM_SI5_6 0.176 1.60 
PM SIS 7 0.101 1.95 
- -
PM SIS 8 0.155 1.95 
- -
PM S15 9 0.186 1.96 
- -
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Table. 4.6 List of wave heights and wave periods for random waves 
JONSWAP spectrum (measured) 
Wave. No Significant Wave Ht. Peak Period 
Hs(m) Tp (sec) 
JS S15 1 0.075 1.46 
JS S15 2 0.098 1.46 
JS S15 3 0.151 1.46 
JS_SI5_4 0.107 1.67 
JS S15 5 0.1.39 1.66 
JS S15 6 0.161 1.67 
JS S15 7 0.098 1.89 
JS S15 8 0.118 1.88 
JS S15 9 0.158 1.90 
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5.1 General 
CHAPTER 5 
DATA ANALYSIS 
The purpose of measunng forces in waves is to compute the hydrodynamic 
coefficients, CD and CM for different wave conditions. It should be noted that drag 
and inertia coefficients may not be obtained reliably using numerical methods and 
that the validity of the coefficients, the equation and the limits of its application have 
to be determined experimentally. It is assumed that these coefficients are constant 
throughout a given cycle of wave force. There are many methods available for 
estimating force coefficients from the data produced from experiments in waves, 
wave and current and other oscillatory flows. In the present work mainly the wave-
by-wave method is employed for analysing the data and the procedure is described in 
this chapter. 
5.2 Calculation of Particle Kinematics using Linear wave theory 
As mentioned earlier, in this, water particle velocity has not been directly measured 
in the tank. Instead, velocity and accelerations are computed using linear wave 
theory for the evaluation of drag and inertia coefficients. This was done using 
Fourier transforms and the general method is outlined here. 
Each physical process can be described either in time domain (signal Vs time) or in 
frequency domain. The aim of the Fourier Transform is to convert some arbitrary 
time signal to its representation in frequency domain. In other words, a time series is 
represented by linear set of periodic functions. Each periodic function can be 
represented by three properties: amplitude, frequency and phase. Inverse Fourier 
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Transfonn does exactly the opposite: receiving a group of periodic functions it 
combines them into the corresponding time dependent signal. 
The above paragraph refers to a general Fourier analysis. But in numerical methods 
we often need to find an algorithm that works much faster. Such algorithm is called a 
Fast Fourier Transfonn (FFT), and it has one limitation - the length of the data 
should be to the power of2. If the length of the data is not exactly the power of two, 
then only first N points that satisfy this condition will be taken. In the present work, a 
FORTRAN code (Numerical Recipes-Fortran 77) has been used to perfonn FFT and 
IFFT on the data. The calculation of wave particle velocities and accelerations from 
the measured wave profile is conceptually given in the flow chart-I. Based on linear 
wave theory, the frequency response function for horizontal, Ru (co) and vertical, 
RJ OJ) components are respectively given by: 
(5.1 ) 
(5.2) 
Using the above response functions the time histories of wave kinematics can be 
generated. 
Even though, most of the experiments are conducted at deep water limit, validation of 
the use of linear wave theory is necessary. To do that, the values of measured wave 
height are presented in the form of dimensionless wave steepness, H/gT with 
dimensionless relative depth, d/gT. These values are superposed on the wave theory 
selection diagram (Fig. 5.1) of Barltrop et al. (1991), where, H is the wave height, T 
is the wave period, d is the water depth and g is acceleration due to gravity. This plot 
indicate that about 40% of data points lies in the Airy/linear wave region and about 
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60% of the data points are falling in the stream function theory of 3rd order region. 
The error involved in applying linear wave theory outside its theoretical range of 
applicability is given by Barltrop et al (1991) and the error curves are also plotted in 
Fig.5.1. The curves in Fig.5.1 are plotted for horizontal particle velocity under wave 
crest at MWL with reference to Airy theory as % of wave theory shown. It is evident 
from this plot that using linear wave theory for the calculation of wave velocity, the 
data points in the region out of linear wave theory are between the 100% and 105% 
curves and therefore it can be concluded that linear wave theory can be used for all 
the waves generated in the present experiments. A similar assurance can be obtained 
from Fig.5.2 plotted for vertical particle acceleration under the wave crest at MWL. 
5.3 Estimation of Hydrodynamics Coefficients 
The Morison's equation is commonly used for predicting wave forces in regular and 
irregular waves, however the values of drag and inertia coefficients obtained for 
irregular wave forces are not necessarily the same as those determined from regular 
waves. On the other hand, it is also expected that these force coefficients will depend 
on the shape of the spectrum. Hence, for these reasons it will be most appropriate to 
estimate force coefficients directly from random wave force measurements. The 
different methods used to estimate CD and CM from measured random data are given 
by Borgman (1972), Sarpkaya and Isaacson (1981), Chakrabarti (1987) and Isaacson 
et a1. (1991). These methods can be classified into two groups, depending on whether 
or not the drag and inertia coefficients are assumed constant for a particular wave 
record. 
(i) Time Domain Analysis: 
Time domain analysis gives direct information related to average or typical wave 
characteristics such as asymmetry in shape of crests and troughs, wave height, zero 
up-crossing and zero down-crossing period. The effects of non-linearity of sea 
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surface can be included in time domain analysis techniques. From the methods of 
time domain analysis for evaluation of Morison force coefficients, the comparison 
between measured and predicted force can be easily done. 
(Ii) Frequency Domain Analysis: 
In frequency domain analysis the power spectral density from a record is estimated by 
Fourier transform operation. The time series are usually divided into segments of 
equal length and the power spectral density at each frequency is obtained by 
averaging the estimates from the segments. Sometimes the time series may be treated 
as a single long record instead of dividing to some equal segments. In this method the 
peak frequency is considered where the energy is most concentrated, the wave height 
parameter Hs, is an estimate of significant wave height, can be derived from zeroth 
moment of power spectral density curve. Some of the other useful parameters of 
waves, which can be easily derived from time domain analysis, are not available in 
the frequency domain. 
All of these methods involve some kind of fit between the measured and predicted 
wave forces and usually involves a least squares fit or method of moments. These 
may be applied to (i) the time series, (ii) the spectral density or covariance function, 
(iii) the probability density of the force, or (iv) the cross-spectrum between the free 
surface elevation and the wave force. The most common methods used are: 
• Least-squares fit of the force time series 
• Least-squares fit of the force spectrum 
• Least squares fit on a wave by wave basis. 
• Method of moments applied to the force probability distribution 
• Cross-spectra fitting between surface elevation and force 
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One of the most straightforward methods for estimating the force coefficients, which 
are used in both time domain and frequency domain analysis, is the least square 
method. The method of least squares approach has the most general application as it 
can also be applied in cases where the water particle kinematics are not sinusoidal as 
in to irregular waves or non-linear waves. Generally, the least square method is found 
to provide reliable force coefficients, when the wave kinematics are directly 
measured or computed using a suitable wave theory and hence this method is 
followed in the present study for the analysis of data. Using the numerical simulation 
of wave forces, Isaacson et al (1991) reported that the method of least squares is 
reliable and accurate. 
5.3.1 Least Squares time series method (LS-TS) 
This method consists of the minimization of the error between the measured and 
calculated force time histories and results in constant values of drag and inertia 
coefficients. By this method the coefficients can be estimated by minimizing the 
square of the difference between the time series of the measured and predicted forces. 
This method can be used for every individual wave cycle defined between successive 
zero up or down crossings, or for whole wave records and it is assumed that CD and 
CM are constant in each cycles or for the whole sets of the wave data respectively. 
The formulation of this method is given below. Considering ef is the error of force 
expressed as 
ef = f - fe = f -(O.5pDCD u i u i + Ap CM u) (5.3) 
where,f is the measured force andle is the estimated force. The mean square error, E 
is given by 
- 1 ~ 2 E=-£-ef N ;=1 
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where, N is the number of data. The mean square error is minimised here, 
where the summations are made for N number of data. Now simultaneous solution of 
equations (5.5) and (5.6) leads to the coefficients CD and eM, 
(5.7) 
(5.8) 
If we consider the waves to be linear and use of data over the full wave cycle, then 
L uJuJu = 0 (5.9) 
and equations (5.7) and (5.8) are simplified as 
(5.10) 
(5.11) 
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Once CD and eM are determined, the mean square error from equation (S.4) can be 
written as 
E = (ApCM )2U 2 + J 2 +2(O.5pDCD )(ApCM )ululu 
- 2( O.SpDCD ) Julul - 2 (ApCM )fu +( O.SpDCD r u4 (S.12) 
where the over bar indicate averaging over N values of data. This equation defines a 
quadratic error surface where the minimum value is obtained with the value of CD 
and eM as defined by equations (5.10) and (5.11). Using equation (S.9), the equation 
(5.12) is a form of an equation of an ellipse in rectangular co-ordinates with CD and 
CM as axes and can be written as: 
(S.13) 
or in standard ellipse form it is given by: 
(CD -13/a)2 + (CM _'O/y)2 = 1 
~/a ~/y 
(5.14) 
Where a =(O.5pD)u 4 , 13= ful u I, r = (Ap )u2 , 0= Ju and ~ is a constant equal 
to the right hand side of equation (5.13). The eccentricity of the ellipse is 
e=~l-(a/y) ifa<y or e=~l-(yla) ifa>y. Whene is equal to zero then the 
ellipse is a circle and when e -+ 1 then the ellipse will be flattened. If the ellipse is as 
shown in Fig. 5.3, then CD could take a range of values without changing the mean 
square error, so the data are well conditioned for eM and are not suitable for 
determination of CD. When e is equal to zero then the data are well conditioned for 
determination of both CD and eM. 
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The above method was developed by Dean (1976). He showed that depending on the 
wave and cylinder characteristics, data could be well or poorly conditioned for 
resolving CM and CD. Dean (1976) suggested that much of the scatter in the reported 
coefficients could be due to poorly conditioned data. In practice when the data is in 
the low range of Reynolds number, Re, then the drag force is a small part of total 
force, so the data would not be well conditioned for finding the drag coefficient while 
for high Re numbers it is true for evaluation of inertia coefficient. The range of 
reliable data for evaluation of hydrodynamic coefficients can be determined by the 
method as used by Dean. If we consider that the minimum value of error, E
min is 
associated with CD and CM as determined from equations (5.10) and (5.11) then using 
a truncated Taylor series for a two variable function, the error surface function can be 
written as: 
- E + aE !::.C + aE !::.c E = min ac D ac M 
D M 
+~(a2E (!::.C )2 +2 a2E !::.C!::.C + a2E (!::.C )2 J (5.15) 
2' ac2 D ac ac D M ac2 M 
• D D M M 
Using equation. (5.5) and (5.6) the above equation can be reduced to 
_ a2E (!::.C)2 a2E (!::.C )2 a2E 
E =E. +-- D +-- M + !::.CD!::.CM 
nun ac 2 2 !:IC2 2 !:IC !:IC DUM U D U M 
(5.16) 
and finally using equations (5.5), (5.6) and (5.9) the above equation is given by: 
- 2 4 (!::.CDi +2(Ap)2u'2 (!::.cMi E = E
min +2(0.5pD) u 2 2 (5.17) 
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Now by keeping CM constant the change in CD associated with a change in error 
surface is given by: 
(5.18) 
and the same approach for CM 
(5.19) 
where if !:l C M is small, the data are well conditioned for detennining CM and when 
!:l CD is small the data are suitable for detennining CD. Dean introduced a reliability 
ratio for detennining drag or inertia coefficients by the ratio of the axes of the error 
ellipse as: 
(5.20) 
Dean showed with a special example that if the mean square error is of the order of 
10 %, then the error of calculated value of CM and CD can be of the order of 85% and 
50% respectively. Dean suggested that data can be well conditioned for evaluating CM 
and CD when 0.25<R<4 and for CM when 0<R<0.25 and for CD when R>4. It can be 
shown that equation (5.20) is true even when, from the data, equation (5.9) is not 
satisfied. In this case equation (5.17) changes but equations (5.18),(5.19) & (5.20) 
remain unchanged. 
Applying the above procedure, in the case of a rectangular cylinder, the horizontal 
and vertical force coefficients are given by, 
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(5.21) 
(5.22) 
Where, F M represent the instantaneous measured forces in horizontal and vertical 
x.r 
directions denoted by suffix 'X' and 'yo respectively and, 
N 
J; = LFMx .r (i) VX,y (i)!VX,y (i)! 
i 
N 
12 = L V\,y(i)2 
i 
N 
13 = LFMx.r (i) VX,y (i) 
i 
N 
14 = L Vx,y(i)IVx,y(i)IVx,y(i) 
i 
N 
15 = L VX,y (i)4 
i 
V
n
.
u 
= Water particle velocity 
V
n
<.). = Water particle acceleration 
Note that, for a vertical cylinder, the drag and inertia coefficients are obtained 
corresponding to the force in the X - direction (in-line force) and for a horizontal 
cylinder, drag and inertia coefficients are derived for both horizontal (X) and vertical 
(Y) forces. 
According to Dean (1976) if the inertia force components tend to dominate, 
reasonable resolution in the inertia coefficients can be expected and the data are better 
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conditioned for detennining inertia coefficients, along with contamination of the 
calculated drag coefficients. Here, the values of Dean's index, R, have been evaluated 
based on the results reported in Chapter-6. The values of R obtained through the 
present experiments are put together in Fig. 5.4 for horizontal cylinders, 
corresponding to the vertical and horizontal force components. The maximum value 
of R obtained is about 0.35 for horizontal cylinders and around the same value is 
obtained for vertical cylinders as well. This indicates that the data is well conditioned 
for detennining the inertia coefficients and also to some extend to the drag 
coefficients as some of the data falls into second category. However, a majority of the 
data are within the limit R<0.25, therefore suitability of data for detennining the drag 
coefficients is questionable. It has to be remembered that direct measurement of drag 
coefficients at very low KC numbers is extremely difficult because the fluid loading 
is dominated by the inertia component. Beannan & Russell (1997) gave a calculation 
that at KC = 1 andf3 = 3xl04, the maximum drag load in a cycle is only about 2% of 
the maximum inertia load and at KC = 0.1 it drops to about 1 %. Thus, at low KC 
numbers the total force is mainly determined by inertial component and since the 
conditioning of the data is more suitable for evaluating the inertia coefficients, the 
force calculation using the inertia coefficients as reported in this study can be safely 
carried out, even if one thinks that an error is involved in the drag coefficients. 
5.3.2 Least squares by wave by wave (WW-TS) 
Another approach which incorporates the variability of the force coefficients within a 
given wave record may be developed by assuming that CD and CM are constant for 
individual waves, and that their variability can be examined by separately analysing 
individual waves within a given wave record. A simple deterministic version of this 
approach is to approximate the waves as sinusoidal on a wave by wave or half-wave 
by half-wave basis. In this method, each wave force cycle from the whole force time 
history is identified and the least square method is then applied to the measured and 
predicted forces. The drag and inertia coefficients for each individual wave cycle are 
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estimated and from this result, the average values of the force coefficients (generally, 
for regular waves) can be calculated. In random flow conditions, individual cycles 
will have a distribution of KC and (3 values and this method requires statistical 
reduction of the resultant data. Results of analysis from individual cycles are grouped 
in intervals of KC values and from the grouped results, mean or median values are 
computed to yield the values of C[), CM versus KC. After obtaining drag and inertia 
coefficients it is fairly straightforward to calculate a wave by wave predicted force. 
The procedure is essentially the reverse of the fitting process by which CD and CM are 
determined. The coefficients for a particular wave are substituted back into Morison's 
equation together with the original velocity and acceleration signals to obtain the 
force signal. The residual force can then be calculated by subtracting the predicted 
force from the measured force signal. 
5.3.3 Root mean square force coefficients 
In addition to drag and inertia coefficients, a few other coefficients are also in use to 
represent the force. The maximum and root mean square coefficients for the in-line 
force are expressed as, 
CFmax = FXmux (5.23) 
O.5pDU;"'s 
C Frms = FXnns (5.24) 
O.5pDU;"'s 
CTrms = 
~(Fxnns 2 + FLnns 2 ) (5.25) 
O.5pDU;ms 
Where, FXmax is the maximum in-line force, FXrms and FLrms are the rms forces for in-
line and transverse forces respectively and U rms is the root mean square horizontal 
velocity. 
Chapter 5: Data Analysis 124 
The maximum transverse force coefficient (CLmax) and the root mean square lift 
coefficient (CLrms) can be calculated by equations (5.26) and (5.27) respectively, 
CLmax = 
FLm(U (5.26) 
O.5pDU!.m. 
C Lrms = 
F Lrms (5.27) 
O.5pDU;"". 
Where, FLmax is the maximum transverse force and FLnns is the rms transverse force. 
5.4 Wave-Force Spectral Density 
The force spectral density has been calculated by using the FFT technique as 
explained in Chapter 3. The number of data points used for spectral density estimate 
for most of the time series are 1024. A Hanning window is used for smoothing the 
spectral density. The spectral densities in the frequency domain are smoothened by 
the nine points moving average method. For the above, standard Fortran routines 
from Numerical Recipes in FORTRAN 77 are used. In addition a double check has 
been made with standard MATLAB routines. 
5.5 Definitions of Flow Parameters 
In regular waves, the following expressions are used for defining Keulegan-Carpenter 
number and Reynolds numbers: 
KC= UmT 
B 
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where, U m is the maximum horizontal particle velocity at the elevation of the centre 
of the test section, B is the dimension of the cylinder normal to wave crests (Ref. Fig. 
4.4), " is the kinematic viscosity and Tis the wave period. 
The frequency parameter (f3) can be expressed as ReIKC, which is equal to D21YI'. 
The KC number is a measure of the water particle orbital amplitude with respect to 
the cylinder diameter and has been defined in terms of the amplitude of the water 
particle velocity. This gives the relationship of the circumference of the wave particle 
path to the structural diameter. The Reynolds number arises from the ratio of inertia 
force to viscous force. 
A simple dimensional analysis which links the hydrodynamic force coefficients with 
Re and KC number gives [(Sarpkaya, (1977)], 
(5.30) 
where, kiD is the relative roughness of the cylinder surface. For periodically 
oscillating flow, Reynolds number is not the most suitable parameter involving 
viscosity [Sarpakaya (1977)] as the primary reasons are being that the effect of 
viscosity is relatively small and maximum particle velocity appears in both KC and 
Re. Hence replacing, Re in the above equation by ReIKC, which is the frequency 
parameter, equation (5.30) is rewritten as 
(5.31 ) 
From laminar boundary layer theory, P represents the ratio of the rate of diffusion 
through a distance 0 (i.e., v I 8 2 , where v is the kinematic viscosity and 8 is the 
boundary layer thickness) to the rate of diffusion through a distance D (i.e., v I D2 , D 
is cylinder's diameter) [Sarpkaya and Issacson (1981)]. The frequency parameter 
could be constant for a set of experiments conducted at a constant water temperature 
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on a cylinder of a particular diameter and for a constant value of wave period, but for 
different values of wave heights. This allows obtaining different values of KC 
numbers and the results may be plotted for a constant p. One would easily recover 
the Reynolds number from the relationship Re= P KC . 
While KC number is related to the ratio of the distance particles convect during a 
flow cycle to the cylinder diameter, p can be explained as being related to the ratio 
of the time it takes for viscosity to diffuse particles a distance equal to the cylinder 
diameter to the flow time period. In waves, for a vertical cylinder, the KC is 
maximum at the surface and decreases with depth of the cylinder, whereas P 
remains constant over the depth of the cylinder. 
Sarpkaya and Storm (1985) have listed the various possible Keulegan-Carpenters and 
Reynolds number to relate the data in a better way and also to reduce the number of 
governing parameters for the coexisting wave and current conditions and are given 
by: 
Kuelegan-Carpenter number: 
(5.32) 
Reynolds number: 
(5.33) 
In the above expressions, KC and Re are calculated as per equations (5.28) and (5.29) 
respectivel y. 
In sinusoidal flow conditions, the definition of the Keulegan-Carpenter number is 
based on U m' the peak or maximum velocity in a cycle and T, the period of 
oscillation which is constant from cycle to cycle. In random oscillatory flow, the 
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velocity scale in the Keulegan-Carpenter number, changes from cycle to cycle as does 
the zero up-crossing period. Consequently, as is common in analysis of ocean wave 
height data, an average zero up-crossing period in stationary random conditions, is 
defined in the analysis of flow velocity data as Tz . In the present study, in random 
waves, for the methods of least-squares fit of the force time series, the KC number is 
defined in terms of the characteristic velocity, Uc = .J2O'u' and the characteristic 
wave period, Tc = 2" (J' u / (J' a' and the resulting expression is given as, 
Re = J2 (1u B 
JI 
(5.34) 
(5.35) 
where, (1 u and (1 a are the standard deviations of velocity and accelerations 
respectively. For wave by wave method, KC number for each wave is defined as 
KCw = uwTIB, where Uw is the amplitude of the fundamental frequency component of 
the horizontal velocity. 
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6.1 General 
CHAPTER 6 
RESULTS AND DISCUSSIONS 
In this chapter the results of the data analysis for the rectangular cylinders are 
presented. The various force coefficients derived from the measured data are 
reported. A numerical analysis of the wave forces on rectangular cylinder has also 
been carried out in the diffraction regime. The measured wave induced pressures are 
presented in non-dimensional form. Some empirical formulae are derived for run-up 
on the cylinders. 
6.2 Vertical Cylinder 
6.2.1 Regular Waves 
6.2.1.1 Square Cylinder (aspect ratio = 1.0) 
Although, a few research results are available for a square section cylinder in waves, 
further measurement of forces on square cylinder was undertaken for two reasons. 
Firstly, the past research results are presented only for moderate or higher KC 
numbers and data at low KC numbers (as considered in this study) are not available 
for vertical square cylinder and hence the present experiments were performed at low 
KC numbers and for higher Reynolds numbers. Secondly, results of the force 
measurement on a square cylinder were needed to compare with the existing results in 
order to build up confidence on the measurements of forces on other rectangular 
sections. Also, comparison of present results with the results obtained by other 
researchers serves as an ideal method of testing not only the apparatus and equipment 
used, but also as a check on the experimental technique and method of data analysis. 
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The dimensions of the square cylinder are 150x 150 mm. The in-line and transverse 
forces on the cylinder are measured and the results are discussed as below. The 
results for the square cylinder are presented in Figs.6.1 to 6.9 to show the variation of 
force coefficients with Keulegan-Carpenter (KC) number. For the analysis of force 
coefficients, both least squares wave by wave method and least squares time series 
method have been used. 
The maximum value of KC number obtained for square cylinder, from the 
experiments is about 4.5, the Reynolds number obtained varies from 6.397x 1 03 to 
3.96x104 and (3 varies from 7407 to 12675. In order to show the effect of frequency 
parameter on the force coefficients, Fig. 6.1 is plotted for six representative values of 
(3. It is observed from this plot that CM shows little variation within the range of (3 
tested, whereas the drag coefficients are found to increase with increase in (3 values. 
It is to be noted that sharp edged cylindrical bodies, such as square sections, 
rectangular sections and flat plates, develop wider wake and shed vortices in 
oscillatory flow even at very low KC numbers and as a result, they experience larger 
drag coefficients than circular cylinders. Generally, the drag coefficients show large 
scatter at these low KC numbers. This is due to the fact that the wave and measured 
forces are in the inertia dominated range of KC numbers, and hence the drag 
component of the force is small. Therefore, it is difficult to isolate the drag force and 
corresponding drag coefficients accurately. Further, the waves at low KC number are 
generally smaller and hence the forces exerted on the cylinder during the passage of 
these waves are also relatively smaller and one would expect that the measured forces 
will be susceptible to the influence of any strong vortices from the preceding waves 
that may be carried back across the cylinder. Hence the calculated values of drag 
coefficients at low KC numbers are scattered. 
The drag and inertia coefficients with KC are replotted in Fig. 6.2 along with the 
results obtained by Bearman et a1.(1984) in planar oscillatory flow for a frequency 
parameter, (3= 213. For KC less than about 5, where incidentally the inertia force is 
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likely to be most important, the variation of CM with KC, as shown in Fig.6.2, are in 
fairly good agreement with the results by Bearman et al.( 1984). The drag coefficients 
in the present study are generally found to be much higher than those reported by 
Bearman et al.( 1984), especially, for KC < 3, the drag coefficients from the present 
results are found to be significantly larger. This could be attributed to the difference 
of flow patterns between wavy and planar oscillatory flow or due to the higher 
frequency parameter. Higher values of drag coefficients at low KC numbers in regular 
waves were also reported by Li and He (1995) for a vertical square cylinder. A drag 
coefficient of about 7.0 is reported by Li and He, at a KC number of about 10. 
The resulting coefficients from least squares wave by wave method and least squares 
time series method are compared in Fig. 6.3. In this plot, only a slight difference is 
observed between the drag and inertia coefficients from both the methods. A 
difference in KC number between the two methods of analysis is noticed and this is 
because, in the wave by wave method, for each wave, a KC number is calculated and 
then an average value of KC numbers is taken as the KC number for the force record, 
whereas, in the least squares time series method, a single KC number is calculated for 
the whole time series. In Fig.6.3, the KC number calculated from wave by wave 
method is used for plotting coefficients for both methods. These plots reveal that 
drag and inertia coefficients from both the methods are almost the same and it can be 
concluded that at the range of KC reported, the force coefficients can be used from 
either of the above two methods. 
The other force coefficients such as root mean square force coefficients and 
maximum force coefficients for in-line and lift forces, reported below, are calculated 
only from the wave by wave method, for all aspect ratios of the cylinder tested, as 
this method accounts for the variability of the force coefficients for individual waves. 
The variation of maximum in-line force coefficients, CFmax and root mean square in-
line force coefficients, CFrms with KC number are plotted in Fig.6.4. Both these 
coefficients show the trend that at low KC numbers, the values of CFmax and CFrms 
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exhibit higher values and they gradually decrease with increase in KC. The root mean 
square coefficient is found to correlate the data without large scatter. Best fit curve 
through the data is also drawn with equations displayed. CFmnx is found to be about 
32% higher than CFrms at the highest KC number tested. 
The maximum lift force coefficient (CLmaxJ and nns lift force coefficient (C/.rms) are 
shown in Fig. 6.5 with KC number. Surprisingly, these two force coefficients show 
less scatter in their values. CLmnx is found to be about 43% higher than CLrms at highest 
KC number obtained. Best-fit value curve is also plotted in these graphs. The 
relationship between the lift coefficients for the first five hannonics (CLrms(n). 
n =1,2,3,4,5) with KC number is shown in Figs. 6.6 to 6.8. The fundamental 
frequency component of the lift coefficient CLrms(l) shows a good trend with KC 
number without much scatter. Higher values of this coefficient are observed at lower 
KC and its value decreases gradually with increase in KC and this trend is similar to 
the trend observed for in line force coefficients. A value of about 1.52 corresponding 
to KC = 0.654 (lowest KC) and 0.285 at KC = 4.54 (highest KC) is observed. The 
second frequency component, CLrms(2). third frequency component, CLrms(3). fourth 
frequency component, CLrms(4) and fifth frequency component, CLrms(5) are all found to 
exhibit large scatter for all the KC numbers and their values are found to be less than 
0.25 for all frequency components. From the above plots it is seen that CLrms(2). 
CLrms(3). CLrms(4) & CLrms(5) are less than the first hannonic component, and their 
values decreases with increasing 'n' with KC number. 
The root mean square total force coefficient, CTrms with KC number is plotted in 
Fig. 6.9. Comparing this plot with CFrms (Fig. 6.4) and CLrms (Fig. 6.5), it is observed 
that CFrms is found to be about 98% of CTrms and CLrms is found to be about 20% of 
CTrms at higher KC tested. 
The measured and computed forces using Morison's fonnula are shown in Fig, 6.10 
and 6.11 for four sample cases. The comparison is found to be good and in some 
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cases the crests are under predicted. The measured and computed peak forces are 
plotted in Fig. 6.12. Each point represents the average over a complete time series. 
In order to compute an overall measure of the measured and computed forces, a ratio 
is defined as: 
F R.=~ 
x F 
xc 
(6.1) 
where, F,p and F,c are the measured and computed in-line peak forces, calculated 
from the average peaks over a complete time series. The '.' symbol is used as 'p' for 
positive peaks and 'n' for negative peaks. The means (Rx' ) and standard deviations 
( ax' ) of this ratio in regular waves are given in Table. 6.1. 
It is evident from Fig. 6.12 and Table. 6.1, the measured and computed peak forces 
are different. The positive peaks are underestimated to a maximum extent of up to 
11 % (for steep waves) and to a mean value of about 3.5%. The negative forces differ 
by about 7%. The above error occurs in the range of dlgT > 0.14 and Hlgr > 0.0093. 
This error may be attributed to the use linear wave theory for the particle kinematics 
computation. The range of dlgTand HlgT, where the under prediction of peak forces 
occur, indicate a region of higher order wave theories and if the particle kinematics 
are directly measured then this error could have been avoided. 
6.2.1.2 Rectangular Cylinder with Aspect ratios = 112 and 2/1 
The results obtained for rectangular cylinder with aspect ratio = 112 are shown in 
Figs. 6.13 to 6.23. For the aspect ratio of Y2, the narrow cylinder dimension (200mm) 
is facing the wave. Fig. 6.13 shows CD and CM versus KC for six representative 
values of p obtained. The maximum value of KC number obtained is about 1.8 and 
the value of p ranges from 25671 to 45460. The Reynolds number ranges from 
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6.71xl03 to 5.l2xl04. The variation of these coefficients show different trends with 
KC numbers, in general, CD decreases with increase in KC. whereas, CM increases 
with increase in KC as the case of square cylinder. It must be remembered that the 
increase in Keulegan-Carpenter number is an indication of larger in-line water 
particle displacement, resulting in a higher in-line force. The effect of frequency 
parameter, P does not seem to have significant influence on drag and inertia 
coefficients. The force coefficients obtained by both least squares wave by wave 
method and least squares time series method have shown almost similar values as 
compared in Fig. 6.14 and therefore further comparison of these two methods will not 
be made for other cylinders. 
The variation of maximum in-line force coefficients, CFmax and root mean square in-
line force coefficients, CFrms with KC number are plotted in Fig.6.15. The trend of 
these coefficients is similar to the trend obtained for square cylinder. Less scatter is 
observed for both these coefficients. CFmax is found to be about 39% higher than C Frms 
at the highest KC number tested. 
The maximum lift force coefficient (CLma:J and rms lift force coefficient (CLrms) are 
shown in Fig. 6.16 with KC number. CLmax is found to be about 45% higher than C Lrms 
at highest KC. Best fit curve with equation is a]so plotted in these graphs. The lift 
coefficient for the first five harmonics with KC number is shown in Figs. 6.17 to 
6.19. CLrms(l) shows a trend similar to CLrms with KC number with a little scatter at 
low KC. The first frequency component, CLrms(J) is found to be higher than other 
components. In general, for KC less than 1.0, CLrms(2). CLrms(3). CLrms(4) and CLrms(5) are 
found to exhibit large scatter and the values of CLrms(3). C Lrms(4) and C Lrms(5) are found 
to be about less than 0.5. 
The root mean square total force coefficient, C Trms with KC number is plotted in Fig. 
6.20. The measured and computed force using Morison's formula is shown in Fig, 
6.21 and 6.22 for four cases with different {3. In general, the comparison is found to 
be good. The measured and computed peak forces are plotted in Fig. 6.23. Table 6.1 
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indicate a ratio of 0.988 between the measured and computed positive peak forces. 
Here again, a mean value of 6% error is observed for negative forces. 
A similar trend in the variation of CD and CM is observed for another aspect 
ratio = 2/1 as well, and the results are shown in Figs. 6.24 to 6.33. In this case, 
cylinder dimension, 400mm is facing the wave. For this aspect ratio, the maximum 
value of KC obtained is about 4.25. Also note that p values obtained for aspect 
ratio = 211, are different from those observed for aspect ratio = 112 and the frequency 
parameter ranges from 14048 to 29864. The Reynolds number ranges from 7 .88x 1 03 
to 1.18x105• 
Maximum in-line force coefficients, CFmax and root mean square in-line force 
coefficients, CFrms with KC number are plotted in Fig.6.25 and the maximum lift force 
coefficient (CLma-J and rms lift force coefficient (CLrms) are shown in Fig. 6.26. Best 
fit curve with equation is also plotted in these graphs. The lift coefficient for the first 
five harmonics with KC number is shown in Figs. 6.27 to 6.29. The trend in these 
coefficients is similar to aspect ratio =112. 
The root mean square total force coefficient, CTrms with KC number is plotted in 
Fig. 6.30. The measured and computed forces using Morison's formula are shown in 
Fig. 6.31 and 6.32 for four cases with different (3. The comparison is found to be 
good only for lower KC numbers. The measured and computed peak forces are 
plotted in Fig. 6.33. The positive peak forces are larger than the calculated forces up 
to a maximum of 30% with a mean value of about 19%. 
The drag and inertia coefficients are replotted for aspect ratios = 112 and 2/1 and are 
shown in Fig. 6.34. It is observed from these plots that the aspect ratio clearly has a 
large influence on the hydrodynamic coefficients. For a given value of KC number, 
inertia coefficients corresponding to aspect ratio = 2/1 are higher those obtained for 
aspect ratio = 1/2. The inertia coefficients for aspect ratio = 2/1 are found to be 
nearly twice the inertia coefficients observed for aspect ratio = 112. Further, it is 
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noted that the inertia coefficients for both aspect ratios are approaching its potential 
flow values at low KC numbers. Note that the potential flow values of inertia 
coefficients [Barltrop and Adams, (1991)] for aspect ratio = 112, is CM = 1.67 and 
for aspect ratio = 2/1, is CM = 3.14. A large difference is also seen for drag 
coefficients with the respect to aspect ratio. The CD values corresponding to aspect 
ratio = 2/1 are larger than the drag coefficients for aspect ratio = 112. The steady flow 
drag coefficients [Barltrop and Adams, (1991)] are 2.5 and 1.5 respectively for aspect 
ratios 2/1 and 112. 
6.2.1.3 Rectangular Cylinder with Aspect ratio = 3/4 and 4/3 
The results for the rectangular cylinder with aspect ratio 3/4 are plotted in Figs. 6.35 
to 6.41 to show the variation of the force coefficients with KC numbers. The 
variations of drag and inertia coefficients with KC are plotted in Fig. 6.35. It is 
inferred from these plots that both drag and inertia coefficients shows a similar trend 
as those obtained for the aspect ratios 1, 112 and 2/1. The maximum value of KC 
number obtained is about 2.2 and values of {3 ranges from 39660 to 69235. The CD 
values corresponding to higher {3 are found to be larger. The inertia coefficients 
approaches its potential flow value (CM = 1.97, refer Fig. 6.271) at low KC number 
and its value increases with increase in KC number up to the range of KC tested. 
The maximum in-line force coefficient and root mean square in-line coefficients are 
plotted with KC number in Fig. 6.36. These plots show that CFmax is about 18% higher 
than CFrms at highest KC number. 
The maximum lift force coefficient, CLmax and rms lift force coefficients C Lrms are 
shown in Fig. 6.37. The scatter of data points in CLmax is more than CLrms. The lift 
coefficient for the first five harmonics with KC number is shown in Figs. 6.38 to 
6.40. The root mean square total force coefficient, CTrms with KC number is plotted in 
Fig. 6.41. The measured and computed force using Morison's formula is shown in 
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Fig, 6.42 and 6.43 for four cases with different {3. The comparison is found to be 
good for almost all KC values. The measured and computed peak forces are plotted in 
Fig. 6.44, which shows a good comparison. Note that for this aspect ratio, waves with 
larger heights were avoided due to a problem with the beach. 
Drag and inertia coefficients for aspect ratio 4/3 are shown in Fig. 6.45 for {3 in the 
range of 29006 to 50583. The maximum KC number obtained is about 2.75. The 
other force coefficients with KC numbers are shown in Figs. 6.46 to 6.51 and all these 
coefficients show a similar trend as with other aspect ratios discussed above. The lift 
coefficient for the first five harmonics with KC number shows a good trend without 
much scatter. The measured and computed forces using Morison's formula are 
shown in Figs. 6.52 and 6.53. The measured and computed peak forces are plotted in 
Fig. 6.54. A mean error of 8% is observed between measured and calculated positive 
peak forces. 
The drag and inertia coefficients are replotted for aspect ratios = 3/4 and 4/3 as shown 
in Fig. 6.55 and this plot demonstrates the effect of aspect ratio on drag and inertia 
coefficients for this cylinder. Inertia coefficients corresponding to aspect ratio = 4/3 
are higher than those observed for aspect ratio = 3/4 and at low KC numbers, the 
inertia coefficient values are similar to potential flow values ( CM = 1.97 for aspect 
ratio = 3/4 and 2.53 for aspect ratio = 4/3, refer Figs. 6.271 and 6.273). The drag 
coefficient for aspect ratio = 3/4 is larger than those for aspect ratio = 4/3. 
The mean values of this force ratio for all the cylinders are close to unity and the 
standard deviations are less than 0.09. This indicates that the linear wave theory can 
provide reasonable force predictions. 
Some of the transverse force time series recorded for vertical cylinders in regular 
waves are shown in Appendix-C. Most of records show a regular trend. For square 
cylinder, irrespective of KC and P parameters, the transverse force time series are 
more regular. For aspect ratio =112 and 2/1, the shape of the force-time series are not 
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that regular compared to square cylinder and with increase in KC transverse forces 
become more irregular. Same trend is found for aspect ratio 3/4 and 4/3. 
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Table 6.1. Means and standard deviations of measured and computed peak 
force ratios for vertical cylinder in waves 
Aspect - -Rxp Rxn G.tp CIxn 
ratio 
1.0 1.035 1.073 0.0419 0.0470 
112 0.988 1.065 0.0345 0.0473 
2/1 1.193 1.052 0.0919 0.0841 
3/4 0.995 0.987 0.0444 0.0324 
4/3 1.086 1.014 0.0600 0.0338 
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6.2.2 Random Waves 
The measured random force time history was analysed to obtain drag and inertia 
coefficients and the results are discussed here. Waves were generated according to 
P-M and JONSW AP spectra. In each spectrum, nine time series were analysed. It was 
not possible to generate larger waves in the wave tank as some of the larger waves 
found to be breaking and hence the KC numbers obtained are very small. The 
measured force was analysed by (i) Least squares wave by wave basis (LS-WW) and 
(ii) least squares time series (LS-TS) by fitting to Morison's equation. For LS-WW 
method the definition of KC used in regular waves was retained for individual waves 
and for LS-TS, KC and Reynolds numbers are defined by equations (5.32) and (5.33). 
The waves are defined by zero up-crossing. Unlike regular waves, individual waves 
in a random signal are found to have different KC number and therefore it is 
appropriate to group the results for waves into bands of KC. In this study, the results 
are grouped in bands of width of KC = 0.2 and then the mean of the results in each 
band is determined. It is also possible to report in terms of median values, but, in the 
present study, only mean values are reported. 
6.2.2.1 Square Cylinder with Aspect ratio = 1.0 
The measured wave elevation and the corresponding spectral densities for three cases 
in both JONSW AP and Pierson-Moskowitz spectra are shown in Figs.6.56 to 6.61. 
The letters JS and PM are used to represent JONSWAP and Pierson-Moskowitz 
spectra respectively. The drag and inertia coefficients obtained for square cylinder by 
LS-TS and LS-WW for JONSWAP and PM spectra are shown in Figs. 6.62 and 6.63 
respectively. It is observed from this plot that both these coefficients show a similar 
trend to those from regular waves, i.e., drag coefficients shows larger values at low 
KC numbers and decrease sharply with increase in KC number and the inertia 
coefficients approaches its potential flow value at low KC number and is found to 
increase with further increase in KC numbers. The band-width KC number based 
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coefficients from LS-WW method show a good trend without much scatter, whereas 
LS-TS method shows scatter for both drag and inertia coefficients. Note that the KC 
number calculated for LS-TS method is different from the KC number reported for 
LS-WW. The inertia coefficients for JS spectra are found to be slightly higher than 
CM calculated for PM spectra. 
The force coefficients computed from the random wave analysis are used in 
Morison's formula to obtain the theoretical force. The values of CD and CM obtained 
from LS-TS method is used for calculating the Morison's force. The force-time 
histories are then subjected to a frequency-domain analysis to obtain respective 
spectral densities, and the first 2048 samples are used for the FFT analysis with a 
sampling frequency of 20 Hz. The measured and computed force-time histories and 
the corresponding spectral densities for three cases are shown in Figs. 6.64 to 6.69 for 
JONSW AP & PM spectra, the comparison is found to be reasonable. The measured 
in-line peak forces in each wave are plotted against the calculated peak force and are 
shown in Fig. 6.70 for JS and PM spectra respectively. The results are shown for all 
nine random waves analysed. Each point represents one wave. The scatter is found 
to be greater than in the regular wave tests. 
6.2.2.2 Rectangular Cylinder with Aspect ratio = 112 and 2/1 
The drag and inertia coefficients for JS and PM spectra for aspect ratio = 112 is 
shown in Figs.6.71 and 6.72 respectively. The inertia coefficients approach its 
potential flow value at low KC number. The measured and computed spectral 
densities for the in-line forces for three cases are shown in Figs. 6.73 and 6.74 for 
JS & PM spectra and the comparison is good. The measured in-line peak force in 
each wave is plotted against the predicted peak force and is shown in Figs. 6.75 for 
both spectra. 
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The results for rectangular cylinder with aspect ratio = 2/1 are shown in Figs. 6.76 to 
6.80. In Fig.6.79, only 1024 points are used for the calculation of spectrum. Measured 
and computed force spectra for the in-line force is found to be well correlated. 
6.2.2.3 Rectangular Cylinder with Aspect ratio = 3/4 and 4/3 
The results for aspect ratio = 3/4 is shown in Figs. 6.81 to 6.85 and for aspect 
ratio = 4/3 is presented in Figs.6.86 to 6.90. At low KC numbers, inertia coefficients 
approach potential flow theoretical value. Correlation between measured and 
computed force spectra for the in-line force corresponding to PM and JS spectra are 
observed to be good. 
6.2.3 Effect of aspect ratio - Periodic Flow 
In the present work, flow visualisation studies have not been made, however, as 
demonstrated by Arai (1993,1995) the flow and the nature of force around rectangular 
cylinder have behaved the same way as it has occurred for a square cylinder. In the 
following paragraphs, the flow patterns around the vertical and horizontal square 
cylinder are illustrated and an explanation is given for why and how the force 
coefficients takes different values when the cylinders aspect ratio is changed. 
Singh (1979) carried out a flow visualisation on circular, square, diamond cylinders 
and flat plates in planar oscillatory flow. On a square cross sectional cylinder, he 
observed three regions of flow patterns, a symmetric region for KC<5, an asymmetric 
region 5<KC<25 and a pseudo-Karman street for KC>25. In the symmetric region 
the flow was observed to separate from the leading edges resulting in re-circulating 
fluid on the upper and lower surfaces. As the flow reversed the re-circulating fluid on 
the upper and the lower surfaces moved back along these faces, creating new vorticity 
of opposite sign. This resulted in weak local disturbances as the flow between the re-
circulating region and the growing vortex along the upper and lower surfaces 
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departed rapidly away from the cylinder. As the flow developed further, separation 
occurred at the trailing edges. No re-attachment of the separated shear layers took 
place and the flow developed as in the previous half cycle. In the asymmetric region, 
at S<KC<12, the flow was observed to separate at the leading edges. 
From the force measurements and flow visualization study carried out by Singh 
(1979), the variation of inertia coefficients for circular and square cylinder showed 
different trends with KC number, particularly for KC between 10 to 20 a minimum 
value of CM is observed for circular cylinder, whereas, the results for the square 
cylinder are almost constant for KC<2S, and then gradually decreases as KC increases 
beyond this value. This difference between these results is associated with differences 
in flow pattern. For circular cylinder throughout the entire range of KC, the wake is 
composed of rather large distinct vortices and in particular in the region of KC = IS, 
these vortices are very strong and set up clearly defined motions around the body. 
These variations in wake characteristics for values of KC in the region of IS results in 
minimum inertia coefficients. On the other hand, the square section does not produce 
any distinct vortex structure for KC<2S. Vortices do form, but they are weak (that 
their influence on the inline force is not very important) and do not go into any 
clearly defined motions about the body, instead they interact with each other with the 
body and soon decay. Therefore, dramatic changes in the wake do not take place. The 
upper and lower surfaces cause some delay in interaction between separated shear 
layers, often with some partial reattachment and produces only weak vortices. This 
results in an inertia coefficient, which is almost constant at its potential flow value for 
KC<2S. 
In the case of horizontally submerged circular cylinder beneath the waves, Chaplin 
(1984a,b) reported that the inertia coefficients for horizontal cylinders decrease 
rapidly with increase KC number to a value as low as one-half of the potential flow 
inertia coefficients. It was suggested that this is caused by the non-linear effect of 
oscillatory boundary layer due to viscosity. Later, Chaplin (1988a) investigating the 
non linear forces on circular cylinders horizontally submerged in waves at low KC 
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numbers and under circular orbital flow conditions, argued that the reduction of 
inertia coefficients are associated with a lift force caused by the circulation of the 
flow relative to the cylinder, acting in opposite direction to the inertia force. Chaplin 
and Retzler (1992) explain further that beneath a wave, at a point, the velocity and 
acceleration vectors rotate with the acceleration vector leading the velocity vector by 
90°. The boundary layer present on the surface of the cylinder, even though the 
ambient flow is oscillatory, generates a steady flow parallel to the boundary which is 
known as 'steady streaming'. For a horizontally submerged cylinder under waves, 
this steady streaming circulates around the cylinder. A force is generated by the 
combination of circulation and the ambient flow, which is referred by the authors as 
'lift' and it acts at right angles to the incident flow. There is continuous change in the 
orientation of the incoming flow and the lift. The consequence is the result of a non-
linear reduction in loading. The reduction of forces is also observed in the case of a 
square pontoon section [Chaplin and Retzler (1993)]. 
Otsuka et al. (1998) studied the flow around a square cylinder at low KC numbers 
experimentally and also by Navier-stokes simulations. The vortex shedding patterns 
are briefly summarised below with reference to Fig. 6.91 reproduced from their work. 
This figure shows vorticity distributions obtained by numerical work for KC = 2.0, 
3.0 and 4.0. The incident flow directions are indicated by arrow and the solid and 
dotted contours represent the clockwise and anticlockwise vorticity respectively. The 
elapsed time is 't' from the start of the motion. The four corners of the cylinder 
section are named as A,B,C and D. For all the KC numbers, the first two clockwise 
vortices created at comers A and B does not grow large and remain at around the 
comers. The anticlockwise vortices separated from comers C, D and A one after the 
other grow largely and shed from the cylinder. Now, the third and fourth clockwise 
vortices separated from corners C and D grow larger due to the induced velocities of 
the anticlockwise vortices. These clockwise vortices form bubbly vortices in the left 
side in relation to the incident flow. The flow velocities at the immediate outer side of 
the bubbly vortices are much higher than those at the right side relating to the incident 
flow. This means that the lift force occurs in the opposite direction to the flow 
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acceleration (inertia force direction). The scale of the vortices increases with 
increasing KC and the anticlockwise vortices shed further from the cylinder for large 
KCnumber. 
It is clear from the literature and above descriptions that in oscillatory flow, for 
circular and square cylinders vortices do form at very low KC numbers. For circular 
cylinders at subcritical Reynolds number, vortices are found for all KC numbers 
above about 3 and for bodies with sharp edges they may be present at much lower KC 
values [Bearman et al (1984)]. Okajima et a1.(1998) filmed clear vortices on a square 
cylinder at KC = 2.2. In this small KC range, both the leading and trailing vortex 
shedding are symmetrical and with increase in KC, symmetrical feature of the trailing 
vortex shedding collapses, while the leading vortex shedding maintains the 
symmetry. Moreover, at low KC numbers (less than about 7), the CD values of a 
square cylinder are comparatively larger than circular a cylinder, which is 
corresponding to a wide wake width due to the development of the leading vortex. 
The leading vortex shedding on the square cylinder makes the wake width spread, 
accompanied by growth in size of the separated vortices, which results in large CD 
values in comparison to those for a circular cylinder. Also in a KC number range 
where CD reaches a constant value, the wake width shows no marked change and 
even if KC is increased further, the wake width is nearly kept constant [Okajima et a1. 
(1998] with almost a constant value of drag coefficients, as the flow patterns are less 
variable. Similar to square cylinder, for rectangular cylinders, at low KC numbers, it 
is anticipated that the wake width increases with the growth of the size of separated 
vortices and hence CD values are large. On the other hand for higher values of KC 
numbers, the wake width is expected to shrink and CD values become small. Further, 
it is obvious that the CD values are strongly related to the cylinders widthlheight ratio 
and therefore the growth of the separated vortices are accompanied by the dimensions 
of the rectangular cylinder which alters the wake width, resulting a larger drag 
coefficient for wider wake (for larger aspect ratio) and smaller drag for smaller wake 
(for smaller aspect ratio). 
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With regard to inertia coefficients, at very low KC numbers close to zero, there is a 
tendency towards an attached and undisturbed flow with vortex strength tending to 
zero and therefore the inertia coefficients approaches its potential flow value. At low 
KC numbers, the CM value is considered to be closely related to the flow volume (i.e., 
the area of the near wake field in which fluid moves) around the cylinder. A larger 
CM corresponds to a large amount of flow volume or vice versa and this is clearly 
reflected in the values of the inertia coefficients. The CM values for all the cylinders 
approached its potential flow values at KC close to zero and then starts to increase 
with increase in KC which indicates an increase in amount of flow volume (as 
demonstrated by Okajima et al.( 1998) for a circular cylinder) and the amount of flow 
volume is considered to corresponds to the added mass. This is indeed true as one 
can see from Table. 6.5. A cylinder with larger side exposed to the wave experiences 
large inertia coefficient and smaller side facing the flow results in smaller inertia 
coefficients. The inertia coefficients obtained for other cylinders whose aspect ratio 
are in between these two limits of aspect ratios will have inertia coefficients in 
relation to the added mass coefficients. 
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Fig. 6. 65 Measured and computed force time series and corresponding spectral densities for 
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Fig. 6. 67 Measured and computed force time series and corresponding spectral densities for 
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Fig. 6.72 Drag and inertia coefficients for vertical rectangular cylinder with 
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Fig.6.77 Drag and inertia coefficients for vertical rectangular cylinder with 
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Fig. 6.80 Measured and computed peak in-line forces for vertical 
rectangular cylinder with aspect ratio = 2/1 
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Fig. 6.81 Drag and inertia coefficients for vertical rectangular cylinder with 
aspect ratio = 3/4 for JONSWAP spectrum 
201 
CD 
C M 
60 
¢ ¢ LS-WW 
50 • LS-TS 
• 
40 ¢ 
30 ~ 0 fI> 
¢ 8 20 
• • JO 
• 
0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
KC 
3.0 
2.5 • • () 
.e 0 • 
0 
2.0 0 0 
1.5 • 
1.0 
0.5 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
KC 
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Fig. 6.85 Measured and computed peak in-line forces for vertical 
rectangular cylinder with aspect ratio = 3/4 
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Fig. 6.90 Measured and computed peak in-line forces for vertical 
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6.2.4 Steady Flow - effects of change of aspect ratios of cylinders 
The changes that take place in force coefficients and flow around rectangular 
cylinders with variation in sectional ratio of the cylinders are discussed below. 
Bearman and Trueman (1972) investigating flow around rectangular cylinders with 
different aspect ratios argued that the base pressure cannot be continuously decreased 
with increasing cylinder's width to height ratio because at some critical block depth 
the path of the separating shear layer would be impeded by the downstream comer 
during part of the shedding cycle. Further the fluid, which is entrained into the initial 
part of the shear layers, must be balanced by a return of fluid between the shear layers 
and the downstream comers. The flow cannot re-attach on the side faces because if it 
did, the bubble formed would be immediately cut off from the region of low pressure 
behind the body and the shear layer itself could not support the low pressure required. 
This sets an upper limit on the curvature of the free shear layers and on the value of 
the negative pressure coefficient. To satisfy these conditions, the flow has to re-
adjust to give less shear layer curvature with higher base pressure and a longer 
distance to vortex formation. 
The general features of the flow around rectangular cylinders have been well 
summarised by Laneville and Yong (1983). The main features considered are (i) the 
distribution of the vorticity from the point of separation, (ii) the growth of the 
separation bubble and (iii) the formation of the wake vortex. With reference to the 
vortex formation the authors used various normalised parameter to illustrate the flow 
around rectangular cylinders of various sectional ratios. The wet length, 'L' [refer 
Fig. 6.92 (a)] is an indication of the minimum size of the separation bubble and 'c' is 
the distance to the closure point and is an indication of the wake vortex strength. 
Laneville and Y ong obtained good correlation between the above parameters 
(normalised form as C/D and diD) with HID ratios, where H is the cylinder width and 
D is the cylinder height. They reported that as HID increases from 0.24 to 3.0, the 
closure point moves towards the cylinder base area and returns downstream for 
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cylinders with HID > 1.0. In phase, the position of the forming vortices moves 
transversely towards the wake centre line and then returns towards the trailing edge 
corner. The reason for the larger drag coefficient at HID = 0.6, is the direct result of 
the wake vortex formation occurring on the centre line. As the wake vortices are 
forming closer to the base area, they induce lower base pressures and therefore 
resulting in high drag. 
A line sketch [Fig. 6.92(b)] presented by Laneville and Yong (1983) explains the 
flow around a rectangular cylinder in steady flow. At the point of separation the 
boundary layer from the upstream face separates and a growing separation bubble 
near the leading edge absorbs part of its vorticity. In Fig. 6.91(b), 'a' represents the 
initial vorticity and' b' as the vorticity absorbed by the bubble. The unabsorbed part 
of vorticity 'c' continues in the shear layer in a proportion controlled by the cylinder 
width (H) to height (D) ratio (also known as after body length, HID). In here the flow 
flows in a direction parallel to the width of the cylinder. The vorticity and fluid 
contained in this shear layer feed, according to the time of the cycle, either the 
opposite vortex or the adjacent vortex while they are forming. As the adjacent wake 
vortex forms, the separation bubble takes different sizes and can be considered as a 
buffer region filling itself with fluid and vorticity and then releasing them at maturity. 
When the adjacent vortex has just been shed the separation bubble shrinks to its 
minimum size. At the end of its growth the bubble exhausts its vorticity and the fluid 
either in the forming wake vortex (HID < 3) or in patches of vorticity in the case of 
cylinders experiencing reattachment (HID> 3). 
For cylinders with HID <3, the side wall is not long enough to trap the bubble, so that 
the bubble at the end of its growth vents its portion 'd' of fluid and vorticity directly 
into the adjacent rolling vortex. Portion 'c' of the shear layer rolls as well in the 
forming vortex. In its formation, the adjacent vortex is also supplied with fluids from 
the wake (portion 'e ') and the opposite shear layer (portion '/'). As the vortex 
reaches the final size with the bubble venting, part of the opposite shear layer is 
drawn across the wake, the fluid supply from the shear layer (portion 'c') is cut off, 
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the wake vortex is then released and the separation bubble has shrunk to its minimum 
size. As this vortex is shed, the opposite vortex starts to form. 
The effect of after body length, HID on the process is critical in the sense of the 
distribution of the initial vorticity and the interaction between the separation bubble 
and the forming vortex. For cylinders with HID> 3, the separation bubble is trapped 
and cannot exhaust directly the wake vortex. As previously, the separation bubble 
grows during the periodic cycle till it reaches the maximum size and then vents by 
releasing a patch of fluid and vorticity on the side wall. These released patches of 
fluid marching downstream (HID = 5), form a secondary region. As they are 
entrained by the mean external flow, the released patches of fluid diffuse. 
The effect of variation of HID and the corresponding flow change around the 
rectangular cylinder falls into different regimes [Laneville and Y ong (1983)] and are 
briefly given below. 
Regime-I: when the model dimensions are in the range 0< HID <0.5, this regime 
occurs. The model width or side wall is too short in this regime. A small bubble is 
present from the point of separation and it extracts a minimal amount of vorticity 
from the shear layer. As HID increases, the cylinder's sides are progressively wet by 
the bubble. Because of the relative strength of the wake vortex, the point of closure of 
the near wake is far away down stream of the rear wall at a distance from 2D to 3D. 
Regime-2: (0.5 < HID < 1.0): In this regime, the minimum size of the separation 
bubble from the leading edge has elongated and when they fully expanded, the bubble 
projects over the entire side wall. A substantial part of the vorticity in the initial shear 
layer is absorbed by the bubble. Now the separation bubble interacts with the forming 
wake vortex and its vorticity forces the wake vortex to roll up closer to the wake 
centreline. For cylinder with HID = 0.625, the wake vortices form on the centreline 
and are responsible for the local high suction on the cylinder base area. A similar 
statement has also been made by Bearman and Trueman (1972). The substantial 
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vorticity available to the wake vortex causes a low base pressure and high drag 
coefficients. 
Regime-3: (1.0 < HID < 3.0): For this regime, the side walls are longer than the 
frontal dimension and characterised by a more elongated separation bubble and the 
wake vortex formation located away from centreline. The separation bubble 
undergoes a longitudinal stretching and vents directly into the wake vortex. The 
proportion of fluid and vorticity released into the venting is smaller than in the 
previous regime because of the relatively larger dimension of the minimum size of 
the separation bubble. In comparison to the regime-I, here the distribution of vorticity 
is reversed. The separation bubble absorbs most of the vorticity contained in the 
initial shear layer. The resulting wake vortex is weaker and the drag coefficients of 
the cylinder are lower. 
With the above understanding, steady towing tests were carried out on the cylinders 
to check the loading performance as towing the cylinder for simulating current effect 
need to be justified. This was done by towing the cylinder in both vertical and 
horizontal positions. A cylinder immersed either vertically or horizontally in steady 
flow would experience a similar flow pattern and hence would be subjected to an 
identical drag force. The drag coefficient in steady towing can be calculated as 
CD = F I(O.5pU 2 D), where, F is mean horizontal force, U is the carriage speed and 
D is diameter of the cylinder. The results are presented as function of Reynolds 
number, Re in Figs. 6.93 - 6.95. The average value of the drag coefficients in each 
aspect ratio is compared with the previous experimental results of Nakaguchi et al. 
(1968), Bearman & Trueman (1972) and Courchesne and Laneville (1979) who 
conducted experiments in wind tunnels. The present results show good agreement, 
except for aspect ratio = 2/1, for which a slightly lower drag coefficient is observed 
and thus steady towing the cylinder is validated and therefore it can be concluded that 
the force measuring system works very well within the range of Reynolds numbers 
tested. 
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Fig. 6.92 Line sketch of flow pattern around rectangular cylinder in steady 
flow [Laneville and Yang (1983)] 
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6.2.5 Regular Waves and Coexisting Current 
6.2.5.1 Square Cylinder with Aspect ratio = 1.0 
The results obtained for square cylinder In combined waves and currents are 
discussed below. 
In the present investigation for a square cylinder, the results are presented for the case 
of the cylinder being moved by the carriage to simulate a current. Three current 
speeds were used, Uc = ± O. hn/s, ± 0.2m/s and ± 0.3m1s. The positive (following) 
current is one that is travelling in the same direction as the waves and negative 
(opposing) current is the one that is travelling opposite to the direction of wave. The 
pure wave or no-current case is represented by 'Uc = 0.0'. 
For the evaluation CD and CM in waves and currents, two different approaches are 
followed. In the first case, horizontal particle velocity is taken as 'u+Uc' and used in 
the Morison equation to estimate the force coefficients, where u is the water particle 
velocity calculated from the measured wave elevation by using linear wave theory. In 
the second case, only the wave velocity, 'u' is used for the calculation of force 
coefficients in the Morison equation. The resulting force coefficients for a current 
speed of Uc = + 0.2 mls are plotted in Fig. 6.96. Inclusion of current velocity, Uc 
affects the drag coefficients drastically. When wave velocity is alone considered, the 
drag coefficients exhibit large values at low KC numbers and it decreases sharply as 
KC number increases. 
The inclusion of current velocity, Uc completely changes the value of drag 
coefficients. At low KC numbers, negative values of drag coefficients are observed 
and with increase in KC number, CD is found to increase. On the other hand, inertia 
coefficients are not affected by the inclusion of current and take identical values for 
both cases. In Fig. 6.97, force coefficients are plotted for Uc = - 0.2 mls and a similar 
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trend as discussed above can be seen not only for this current speed, but also for all 
the current speeds and for all the cylinders. 
For practical purposes it is necessary to choose the right drag coefficients for the 
force calculation. The calculated force coefficients are substituted in Morison 
equation to obtain the force time histories. In Fig. 6.98(a), a current, Uc = + 0.2 mls is 
included along with wave velocity, u, for the computation of force coefficients and 
the corresponding Morison force, for KC = 1.37. In Fig. 6.98(b), only the wave 
velocity, u, is used and drag and inertia coefficients are evaluated and these 
coefficients are then used to obtain the Morison force. It is evident from these plots 
that, inclusion of current induces a phase shift between the measured and calculated 
forces and when the wave velocity is alone used, the phase shift is not observed. The 
same observation is made for a higher KC = 3.89 as well, as seen in Fig. 6.99(a) and 
(b). Although, it is not shown here, the above-described observation is made for all 
the force time series, tested in combined waves and currents. 
The effect of current can also be seen in Fig. 6.100. In this case, the drag and inertia 
coefficients are first calculated from the experimental data, measured for zero current. 
Then the current speed is included as u+Uc, while calculating the Morison force. 
The poor correlation between the forces reveals that the current velocity cannot be 
simply added to the wave velocity while force coefficients obtained for pure wave is 
used for the force calculation. 
Three different observations are made from the above paragraphs. (i) a phase shift is 
obvious between measured and computed forces, when current velocity is added to 
the wave velocity for the estimation of drag coefficients and Morison forces (ii) phase 
shift can be avoided, if the current velocity is excluded and (iii) force coefficients 
obtained for pure wave cannot be used for force calculation when the Morison 
equation used with Uc term. From the foregoing discussion, it can be concluded that 
for a better comparison of measured and computed forces in waves and currents, the 
drag coefficients derived by excluding the current Uc can be used when a cylinder is 
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towed in waves with a wave probe moving as same speed as the cylinder (i.e., by 
using encountered wave period). All the force coefficients reported hereafter are 
corresponding to this procedure. Encountered wave period is used for all 
calculations. 
The variation of CD and CM with KC number for square section cylinder is shown in 
Figs. 6.101 to 6.105. The results reported here are computed on a wave by wave 
basis. The presence of current is found to have significant effect on the force 
coefficient. The CD and CM for current speeds ± 0.1, ± 0.2, and ± 0.3 mls are shown 
in Figs. 6.101, 6.1 02 and 6.1 03 respectively. In the plots, the scatter in the 
coefficients is found to be very large, even then few trends are apparent. The drag 
coefficients show a trend similar to those found for wave alone, they exhibit large 
values at low KC number and decreases sharply with increase in KC numbers. When 
the corresponding drag coefficient for an equal and opposite magnitude of current is 
plotted, the current direction does not appear to have much influence on the drag 
coefficients, except for ± 0.3 mls. In this case, the drag coefficients for Vc = + 0.3 
mls are found to be significantly lower than those for Vc = - 0.3 m/s. Regarding 
inertia coefficients, some of the data points of inertia coefficient for a current = + 0.3 
mls are found to be lower than those found for the negative current of the same 
magnitude, otherwise the inertia coefficients for positive and negative currents are 
found to be of the same order of values. 
The CD and CM are re-plotted along with the coefficients obtained for wave alone (no 
current) in Figs. 6.104 and 6.105 for the positive and negative currents respectively. 
In both these plots it is evident that CD and CM for waves and currents are found to be 
significantly lower than the CD for waves alone. It is further noticed that inertia 
coefficients are found to decrease with increase in current speed and this trend is 
distinctly observed for positive current. One can conclude from the above results that 
irrespective of the direction of current, the inertia coefficient decreases with increase 
in current speed and the values of inertia coefficients are much lower than those 
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found for waves alone (in the absence of current). Note a similar trend is reported in 
Marine Research Review 11 (1997) for circular cylinders in waves and currents. 
The root mean square in-line and lift force coefficients are plotted in Figs. 6.106 and 
6.107. Here again, wave velocity with encountered wave period is alone used in the 
definition of rms force coefficients. The CLrms for negative currents are found to be 
larger than those in waves alone and eLrms for positive currents are observed to be 
lower than the coefficients in waves alone. CLrms in positive currents are found to be 
larger compared to negative currents. The total mean square coefficients for both 
negative and positive currents are plotted in Fig. 6.IOS. For negative currents and 
waves, CTrms is found to be higher compared to CTrms for positive currents. The 
measured and computed in-line peak forces for all the current speeds are shown in 
Fig. 6.109. The means and standard deviations for all current speeds are given in 
Table 6.2. The computed positive peak forces are lower than the measured peak 
forces up to a maximum of 3S% in positive currents and the maximum standard 
deviation is 0.372. In negative currents this difference between measured and 
computed forces are less. 
6.2.5.2 Rectangular Cylinder with Aspect ratio = 112 and 2/1 
The results of wave and current force measurement for rectangular cylinder with 
aspect ratio = 112 are shown in Figs. 6.110 to 6.114. Here again, three current speeds 
in the following and opposing waves are considered. CD and CM for current speeds 
± 0.1, ± 0.2, and ± 0.3 mls are shown in Figs. 6.110, 6.111 and 6.112 respectively. A 
trend similar to the results reported for square cylinder is seen for this aspect ratio. 
Drag and inertia coefficients in positive and negative currents display nearly equal 
values, irrespective of the current direction. 
The CD and CM are re-plotted along with the coefficients obtained for wave alone in 
Figs. 6.113 and 6.114 for the positive and negative currents respectively. CD for 
waves and currents are found to be lower than CD in waves alone. The inertia 
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coefficients are also observed to be significantly lower than the CM obtained for 
waves alone for both the current directions. The root mean square in-line and lift 
force coefficients for positive and negative currents are plotted in Figs. 6.115 and 
6.116 respectively. CFrms and CLrms for waves and currents are found to be lower than 
CFrms and C Lrms for waves alone. The total mean square coefficients for both negative 
and positive currents are plotted in Fig. 6.117 and CTrms for waves and currents is 
found to be about 20 to 35% lower than CTrms for waves alone. The measured and 
computed in-line peak forces for current speeds ± 0.1 mis, ± 0.2m1s and ± 0.3m/s are 
shown in Fig. 6.118. The means and standard deviations are given in Table 6.2. The 
computed positive peak forces are found to be up to 35% lower than the measured 
peak forces with a maximum standard deviation of 0.1 07. 
A similar trend as discussed above is observed in drag and inertia coefficients for 
aspect ratio of the cylinder equals to 2/1. The results of wave and current force 
measurement for rectangular cylinder with aspect ratio = 2/1 is shown in Figs. 6.119 
to 6.122. For this aspect ratio, the force measurements are made for only two current 
speeds ± 0.2, and ± 0.4 m/s. CD and CM are re-plotted along with the coefficient 
obtained for wave alone in Figs. 6.119 and 6.120 for the positive and negative 
currents respectively. CD for waves and currents are found to lower than CD in waves 
alone. The inertia coefficients are observed to be lower than the CM obtained for wave 
alone for both the current directions. The root mean square in-line and lift force 
coefficients for positive and negative currents are plotted in Fig. 6.123 and 6.124 
respectively. The total mean square coefficients for both negative and positive 
currents are plotted in Fig. 6.125. CTrms for waves and currents is found to be about 
20 to 40% lower than C Trms for waves alone. The measured and computed in-line 
peak forces for the two current speeds are shown in Fig. 6.126. The computed 
positive peak forces are found to be up to 35% lower than the measured peak forces. 
The maximum standard deviation value from Table 6.2 is 0.323 for a current of 
+0.4 m/s. 
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6.2.5.3 Rectangular Cylinder with Aspect ratio = 3/4 and 4/3 
The results of wave and current force measurement for rectangular cylinder with 
aspect ratio = 3/4 are discussed here for three current speeds in the following and 
opposing waves. CD and CM for current speeds ± 0.1, ± 0.2, and ± 0.3 mls are shown 
in Figs. 6.127, 6.128 and 6.129 respectively. Drag coefficients in positive and 
negative currents display equal values, irrespective of the current direction, whereas, 
the inertia coefficients show different values. At low KC numbers inertia coefficients 
for positive currents show much lower values. 
The CD and CM are re-plotted along with the coefficient obtained for wave alone in 
Figs. 6.130 and 6.131 for the positive and negative currents respectively. CD and CM 
for waves and currents are found to be lower than those calculated in waves alone. 
With increase in positive current speed, some of the data points (corresponding to 
larger frequency parameters) are found to have much lower values of inertia 
coefficients and the reason for this trend is unclear. The root mean square in-line and 
lift force coefficients for positive and negative currents are plotted in Figs. 6.132 and 
6.133 respectively. The total mean square coefficients for both negative and positive 
currents are plotted in Fig. 6.134 and here again, CTrms for waves and currents is 
found to be lower than CTrms for waves alone. The measured and computed in-line 
peak forces all current speeds are shown in Fig. 6.135. From Table 6.2, the computed 
positive peak forces are found to be about 33% lower than the measured peak forces 
for the largest positive current used. 
The CD and CM for aspect ratio = 4/3 are plotted in Figs. 6.136 to 6.140 for the 
positive and negative currents. For this aspect ratio, the CD values in waves and 
currents are found to be only slightly smaller than CD in waves alone. The inertia 
coefficients are observed to be significantly lower than the CM obtained for waves 
alone, for both the current directions. A large reduction in inertia coefficients with 
increase in positive currents is also observed for this aspect ratio. The root mean 
square in-line and lift force coefficients for positive and negative currents are plotted 
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in Fig. 6.141 and 6.142 respectively. The total mean square coefficients for both 
negative and positive currents are plotted in Fig. 6.143. The measured and computed 
in-line peak forces are shown in Fig. 6.144. The computed positive peak forces are 
found to be up to 35% lower than the measured peak forces. 
In Table 6.2, the means (R.t.) and standard deviations (ux.) of the force ratio are 
given for all the cylinders. The mean values take a maximum of 1.38 and the 
maximum value of standard deviations is 0.37. For all the positive currents, the 
measured forces are higher than the Morison forces. 
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Table. 6.2. Means and standard deviations of measured and computed peak force ratios for vertical cylinder in waves and currents 
Aspect ratio = 1.0 Aspect ratio = ~ Aspect ratio = 2/1 
Current 
(rn/s) - - -Rxp (Txp R.tp (T.w Rxp (T.w 
+0.1 1.381 0.356 1.247 0.074 - -
+0.2 1.358 0.336 1.298 0.067 1.342 0.092 
+0.3 1.317 0.372 1.345 0.107 - -
+0.4 - - - - 1.354 0.323 
-0.1 1.248 0.134 1.201 0.107 - -
-0.2 1.115 0.149 1.148 0.148 1.066 0.126 
-0.3 0.978 0.102 1.092 0.195 - -
-0.4 - - - - 0.962 0.274 
Aspect ratio = 3/4 Aspect ratio = 4/3 
Current 
(rn/s) - -Rxp (Txp Rxp (T.w 
+0.1 1.269 0.088 1.187 0.187 
+0.2 1.265 0.175 1.358 0.201 
+0.3 1.335 0.249 1.324 0.368 
+0.4 - - - -
-0.1 1.245 0.141 1.104 0.221 
-0.2 1.137 0.152 1.041 0.354 
-0.3 1.083 0.199 0.907 0.225 
-0.4 - - - - I 
Chapter 6 : Results and Discussions 225 
r.J 
J 
10.0 
8.0 0 • u+Uc 
0 Ou 
6.0 
0 
4.0 00 0 
00 0 000 0 
2.0 0 0 0 0 o 0 0 
0.0 • • • . -. , -
• ". • ~ 1 • • 3 4 5 6 7 
-2.0 • 
• 
• 
-4.0 • 
-6.0 
KC 
3.5 
3.0 
• • 
• • • • 2.5 .:. • • 
• • I. 
2.0 
• o~ • 
0 
1.5 
1.0 
0.5 
0.0 
0 1 2 3 4 5 6 
KC 
Fig.6.96 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for Uc = 0.2 mls 
7 
226 
3.0 
2.5 
2.0 
J 1.5 
1.0 
0.5 
0.0 
0 
• • • • • 
• • 
•• • e • .. ., •• 
2 3 4 5 
KC 
Fig. 6.97 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for Uc = - 0.2 mls 
6 
227 
0.8 
c Jt 0.6 
-~ 
~ 0.4 
-
Q 0.2 ~ 
e; 0.0 
-c 
.§ -0.2 
-:: -0.4 
-0.6 
8 10 12 
Measured 
Morison 
14 
Time (sec) 
KC = 1.37 • a = 10794 
16 18 20 
0 .8T----------------------------------------------------------------------------~ 
~ 0.6 KC = 1.37 • P = 10794 
~ 
';' 0.4 
~ 
-~ 0.2 
] 0.0 
c 
S -0.2 
. .: 
:: -0.4 
-0.6 ....,. 
8 10 12 14 
Time (sec) 
16 18 
Fig. 6.98 Effect of Uc on in-line forces for vertical square cylinder 
for Uc = + 0.2 m/s and KC= 1.37 
20 
228 
2.5 
~ 2.0 
~ 1.5 
--<II 1.0 ~ \., 
Q 0.5 f;I;. 
-; 0.0 
§ -0.5 
.~ -1.0 
Q 
= -1.5 
-2.0 
2.5 
~ 2.0 
~ 1.5 
--<II 1.0 ~ \., 
Q 0.5 f;I;. 
~ 0.0 
15 -0.5 
!'oj 
'i: -1.0 
Q 
= -1.5 
-2.0 
8 10 
10 11 
12 
12 13 14 
Measured 
Morison 
14 
Time (sec) 
15 
Time (sec) 
16 18 
16 17 18 
Fig. 6.99 Effect of Uc on in-line forces for vertical square cylinder 
for Uc = + 0.2 mls and KC = 3.59 
20 
19 20 
229 
Fig. 6.100 Effe·ct of Uc on Morison force for vertical square cylinder 
for Uc = -0.2 m/s 
230 
100.0 
10.0 
1.0 
0.1 
o 
3.5 
3.0 
2.5 
~ 
U 2.0 
1.5 
1.0 
o 
o • 
• 00 
o 
• 
o 
o S 
• ~.Q>~ o· 
• • 
• • • 0 
• 
1 2 
• 
• •• 
•• 0 0 Clt. ~ 0 oe 
00 ~ 't>o 
o ~. • 
• 
I 
1 2 
• 
• 
o • o 
• 
3 
KC 
• 
o o. 
3 
KC 
4 
• 
o • 
o 0 
o 
4 
• Uc = + 0.1 mls 
o Uc = - 0.1 mls 
• 
o • 
5 6 
• • 
o • 
5 6 
Fig. 6.101 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for U c = ± 0.1 mls 
7 
7 
231 
10.0 
eM 
• • • Uc = + 0.2 mls 
'9 
o Uc = - 0.2 mls 00 o. eo • 
o ~th •••• 
• 
o o. •• 
00 
1.0 • 
o o. •• 
o 00 o 
o 
0.1 
o 1 2 3 4 5 6 
KC 
3.5 
3.0 
• • 
~ 0 0 • 
• • 
0 0 
• 0 • 2.5 • 
••• 
0 
• 0 o· •• 00 .000 0 ~ o 8 
2.0 l- • 
• 
1.5 
1.0 
o 1 2 3 4 5 6 
KC 
Fig. 6.102 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for U c = ± 0.2 mls 
7 
7 
232 
100.0 
eM 
10.0 o 
1.0 
0.1 
o 
3.0 
2.5 
2.0 
0 
1.5 
1.0 
0.5 
0.0 
0 
o 
•• ~ 0 0 
• o.oeo 
• 
• 
o 
••• 
• 
2 
• 
• • o CO· 
• o 0 0 <96 00 
o· 
• • • 
• 
• 
1 2 
o 0 
• 
• 
• 0 0 
• 
3 
3 
o 
• 
o 
• • 
KC 
• 0 
• 0 
• 
KC 
• Uc = + 0.3 ",Is 
o Uc = - 0.3 mls 
CD 0 
.. • 
.0 
• 
4 5 6 
.0 &; • 
• 
4 5 6 
Fig. 6.1 03 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for U c = ± 0.3 m/s 
7 
7 
233 
100.0 
10.0 
1.0 
O.l 
3.5 
3.0 
2.5 
2.0 
eM 1.5 
1.0 
0.5 
0.0 
o 
0 
• <> 
o <> 
o o 
1 2 
.-
.. .-...~~ ~ 
-~- • -;- <> <> +0 + 
- <>~ <£ ~-+:+ 
.fat ~o 1, 0 
+ 0 
<> 0-
+ 
0 0 0 0 
0 
0 
2 
3 
3 
o 
o 
KC 
• -~ • 
+ <> 
+ 
0 
0 
0 
KC 
4 
• -It) ~ <>+ 
+ 
cP 0 
4 
• Uc = 0.0 tnls 
<> Uc = + 0.1 mls 
+ Uc = + 0.2 tnls 
o Uc = + 0.3 tnls 
+<> 
o 
5 6 
+<> 
+<> 
0 
0 
5 6 
Fig. 6.1 04 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for Positive currents 
7 
7 
234 
100.0 
10.0 
1.0 
0.1 
3.5 
3.0 
2.5 
2.0 
1.0 
0.5 
0.0 
o 
o 
o • 
i;~ 
1 
•• 
• o~ ••• ••• 
. -.. ~~~ ¢ ,.1 
+ + 8- ~ ¢ ~ 
2 3 
KC 
••• 
"w. ... e#. : • 
•• • • 0 :-e •• - • ¢ 0 + 0 
o ~O ¢¢~ ~.8+ + 0+ 
+ &t oio+~~- 00 0 
o 
o 
1 2 3 
KC 
4 
c9 0 
4 
5 
• Uc = 0.0 ",/s 
¢ Uc = - 0.1 ",/s 
+ Uc = - 0.2 ",/s 
o Uc = - 0.3 ",/s 
6 
+ ¢ 
o 
5 6 
Fig. 6.105 Drag and inertia coefficients for vertical square cylinder 
in co-existing waves and currents for negative currents 
7 
7 
235 
100.0 
10.0 
i ~ 1.0 
0.1 
o 
100.0 
10.0 
! 
~ 
1.0 
0.1 
0 
100.0 
10.0 
! 
.... 
~ 1.0 
0.1 
o 
100.0 
I · 
Ue - 0.0 mI, I 
0 Uc - +O. I mil 
+ Uc - +0.1 mil 
00 
., 
° ° 
Uc -+ O.J mil 0 
O. tI4 10.0 ce 0 
+ ':0· 0 
• 
° 
.. 
••• ~ +0 0 o + of 8 0 0 
~ +0 0 ~ ... ° 
o fO C) : ••• 
~ . 
0 ~ o ° 0 ~ + ., -. •• 0 •• ~O .... 0it'l'0+o + 1+ ~000 0 0 0 0 0 0 + ++ 0 00 0 +0 0 1.0 + 0 
.. .. 
+ 
+ + 
0.1 
2 3 4 5 6 7 o 2 3 4 5 
KC KC 
Fig. 6.106 RMS in-line and lift force coefficients for vertical square cylinder in 
co-existing waves and currents for Positive currents 
1000.0 
I 
• Ue - O.Oml, 
I 
0 Uc - ·0. 1".11 0 
+ Uc - .0.1 mi. 
o Ue - .O.J mi. 
+ 0 
100.0 0 
":~ ~+ 0 .$>0°0°0°0 
~~~o~ j + of>s?+ 0 ~.~. o + 0 . c + +';-8°0~ .. 0 0 10.0 .r . 0 0 o + 
+ °+°0 '! 
• 
" ., ....• 
•• + 
.. ... -. 
1.0 
2 3 4 5 6 7 0 2 3 4 5 
KC KC 
Fig. 6.107 RMS in-line and lift force coefficients for vertical square cylinder in 
co-existing waves and currents for negative currents 
0 
0 
.. 
6 
!l. 0 
6 
1000.0 ,-- -----------------, 
0 
~ 0 0 0 o~ 
'1>0 ~o 0 
+0+ i o 0 
0 
"\.. + !~<tooo 0 0 pO 
." + 
.... " .... # •• 
-. 
I 
• Ue - ' .Oml. 
o u, - +o./"';, 
+ Uc - + O.J"v, 
o Ue - .. O.J mi. 
0 
0 o 0 0 
+ 
00 0 0 
+ + +0 
., .. 
I 
o 
100.0 
~ ~ 
10.0 
'- + 
"-.. 
I . Uc - O.Oml, I o Uc -. O.l "", + Uc -. O.l 1f11, o Uc -. O.J mI, 
9 0 
1.0 .. ..... 
..... , .. 
2 
0.1 
3 4 5 6 7 0 2 3 4 
KC KC 
Fig. 6.108 Total rrns force coefficients for vertical square cylinder 
in co-existing waves and currents 
5 6 
236 
7 
7 
7 
s;:-
C) 
~ 
-CI) 
u 
~ 
0 
-iii 
-c: 0 
N 
.~ 
0 
::I: 
~ 
ca 
CI) 
c. 
"0 
CI) 
~ 
::s 
II) 
ca 
CI) 
~ 
s;:-
C) 
~ 
-CI) 
u 
~ 
0 
-iii 
-c: 0 
N 
.~ 
0 
::I: 
~ 
ca 
CI) 
c. 
"0 
CI) 
~ 
::s 
II) 
ca 
CI) 
~ 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
-0.5 
-l.0 
-1.5 
-2.0 
-2.5 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
-0.5 
-1.0 
-1.5 
-2.0 
-2.5 
o Uc=+ 0.1 mls 
lJ. Uc = + 0.2 mls 
+ Uc = + 0.3 mls 
-2 .5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 
Computed peak horizontal force (kgf) 
o Uc = - 0.1 mls 
lJ. Uc =- 0.2 mls 
+ Uc = - 0.3 mls 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 
Computed peak horizontal force (kgf) 
Fig. 6.109 Measured and computed peak forces for vertical square cylinder In 
co-existing waves and currents 
237 
eM 
100.0 
eo 
• 
• 0 10.0 
• 
0 
.0 
0 
1.0 
0.1 
0.00 0.25 
2.00 
1.75 
• 1.50 • 00 • 0 eoo 
1.25 • 
1.00 
0.75 
0.50 
0.00 0.25 
• o. 
c:i ·0 
eoQ. 0 
• • 
0 
• • 
• 
0.50 0.75 
0 
• 
0 
0 
0 
0 
• 
1.00 
KC 
o. 
• c:JJ 
.'8 • o. o. 0 
• • • 
0.50 0.75 1.00 
KC 
• Uc = -O.lmls 
0 Uc = +O.lmls 
() 0 0 0 
• • 
• • • 
1.25 1.50 1.75 2.00 
0 
• Q 
0 
0 • 
• • • 
1.25 1.50 1.75 2.00 
Fig. 6.110 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 112 in co-existing waves and currents 
for Uc = ± 0.1 m/s 
238 
CM 
100.0 
.0 
0 
•• 0 
0 
• 
0 10.0 
• •• 0 
• 0 
.0 0 0 
,.0 o • 
• 0 
• 
1.0 • 
0.1 
0.00 0.25 0.50 0.75 
2.00 
1.75 0 
• 
00 0 • 
·0 ". .~ 0 1.50 •• • 00 0 0 
• • • • • 
1.25 
0 • 
1.00 
0.75 
0.50 
0.00 0.25 0.50 0.75 
0 0 
• 
0 
1.00 
KC 
• 0 
0 0 
• 
• 
1.00 
KC 
• • • 
1.25 
• • 
• 
l.25 
• Uc = - 0.2 ",Is 
0 Uc = + 0.2 ",Is 
0 o 0 
• 
• 
1.50 1.75 2.00 
0 
0 
0 
• 
• 
1.50 1.75 2.00 
Fig. 6.111 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 112 in co-existing waves and currents 
for Uc = ± 0.2 rnIs 
239 
CM 
100.0 
• 0 
•• 
~ 
t· • 000 0 
• • 0.0 00 
• 0 • 0 0 
10.0 
1.0 • 
0.1 
0.00 0.25 0.50 0.75 
2.00 
1.75 
o 0 0 
1.50 • 0 
•• .,0. 0 
• .00 •• 0 f> • 0 0 
1.25 0 •• 
• 
1.00 
0.75 
0.50 I 
0.00 0.25 0.50 0.75 
c! 
0 
0 8 
•• 
1.00 
KC 
0 
o. 
• 0 
• 
1.00 
KC 
• • • 
1.25 
• • 
• 
1.25 
• Uc = - 0.3 mls 
0 Uc = + 0.3 IIIls 
0 
0 0 
• 
1.50 1.75 2.00 
0 
0 0 
• 
1.50 1.75 2.00 
Fig. 6.112 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 112 in co-existing waves and currents 
for Uc = ± 0.3 mls 
240 
100.0 
• Uc = O.Omls 
0 Uc = + 0.1 IIIls 
• ° 
Uc = + 0.2 IIIls 
+ Uc = + 0.3 mls 
:- • 
• • ° <> .~ 
CD 10.0 0>+ '.':W .•• o •• • 0+ 0 ~.O. • ••• 0+ JJ+ +0+ ++<90+ r • • 
° 
• ~ ~ ° ° 
+0 +0 "b0 + 0 00 + g0-l> + 
0 
1.0 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 
KC 
2.5 
2.0 . ... .'. •• ••• • • 
.. '" 
,.~~ ... 
° 
•• 0 + + 0° + 8 0 00 %0 +r ~ 0 + 0 + + 1.5 If) 0 + 'b ~o+ 0 0 + 0-+ 
+ + + + + 
C M 0 
1.0 
0.5 
0.0 
0.00 0.25 0.50 0.75 1.00 
KC 
1.25 1.50 1.75 2.00 
Fig. 6.113 Drag and inertia coefficients for rectangular cylinder in co-existing 
waves and currents for positive currents 
241 
100.0 
CD 
C M 
10.0 
1.0 
0.1 
0.00 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
0.00 
• 
'b. • 
o .i-
+d- ~ 
o + +., ... 4 • 
+0 oo~. 0 
00 0 +*+~ .. + 
0 0 ofP 0 C) 
" + 0 
0.25 0.50 0.75 
.... ,.' ..... 
.. '" • <> •• + 0 
o 0 !O 0 
CI> +000 ~.r0 <> 0 4 + 0 0 6~ +0 + o ++ 
+0 
0.25 0.50 0.75 
• 
• .. 
a +~ 
o 0 
1.00 
KC 
. '. 
+ ~<> 
+cf> 
1.00 
KC 
• Uc = 0.0",1s 
o Uc = - 0.1 ",/s 
o Uc = - 0.1 ",/s 
+ Uc = - 0.3 ",Is 
•••• 
• •• 
<> 0 + 
<> 0 o <> 
1.25 1.50 1.75 
••••• • • 
0-0 -to o 00 01) 
.p 0 
1.25 1.50 1.75 
Fig. 6.114 Drag and inertia coefficients for rectangular cylinder in 
co-existing waves and currents for negative currents 
2.00 
2.00 
242 
100.0 10.0 
• Uc - D.DMls . + 
0 uc - +o,/ mls 
0 Uc - + O.]"';s 
+ Uc · '" 0.1 mi. 
. 
0 
... ..., 0 
• 
• 
8 
.. .. ~o ~ '.~ 
+ ~+q.":" .g.~:~+ .;\ •• .. . . 
10.0 
~o + • 
0\0 • 9: o -to .. 
i 1.0 o. • "'t· . + d ~ .,. °0 
.:, ~ 0 • . 
0 0 •• • • +0'" Qt- . oo+~o+ 
0 
oo+Qo ; 
+ 
1.0 0.1 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 
100.0 
~ 
o. 
10.0 
1.0 
KC KC 
Fig. 6.115 RMS in-line and lift force coefficients for vertical rectangular cylinder in 
co-existing waves and currents for aspect ratio = Yz. 
10.0 
• Uc . O.OMl, ~ 
o Uc - - O.I "';s + 
o Uc - . O.2wl 
... Uc - ·O.JIfIIJ 
o· 
~ . 
...... . 
~\ • 
~) 
e+ t 
",. 
~C:~'" 
o +8 qo·' :. '" • +& 
. \, ... ~ 0
0 
. 
+ 
..". 
i 1.0 +~~. e 00+ co;'OtKf • d o 0 " ·~t 
• • •• ~ o 0 • 
0 o 0 ~ 0 0 
ot, 
0.1 
+ 
• 
o 0 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 
100.0 
+. 
0 
0 . 
10.0 
1.0 
KC KC 
Fig. 6.116 RMS in-line and lift force coefficients for vertical rectangular cylinder in 
co-existing waves and currents for aspect ratio = Y2. 
100.0 
• Uc - O.O"';s • Uc - 0.0"';, 
0 Uc - - 0.1"';, o Uc - + D,/ IfII, 
0 Uc - - 0.]"';. 0 Uc - + (},1".;' 
+ Uc -- O.J"';. 
• 
... Uc · ... O.J"';, 
too, ~". 
0+ ~ \&0 •• 
~:~" 
o +" "'0.' :. '" • +/0 
\, ... ~ 0 0 • 
oi 
! 
ct .. ~ 
~o ~ t •• 
+ ~+: .... ,,~ .. ~ .~ 
e • 
... ... rt 0 
••• • 
dl+ g o ; 
10.0 
1.0 
+ 
2.00 
2.00 
+ 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 
KC KC 
Fig. 6.117 RMS total force coefficients for vertical rectangular cylinder 
in co-existing waves and currents for aspect ratio = ~. 
243 
2.5 
c;:- o Uc=+0.1 mls §.., en 2.0 ~ Uc = + 0.2 mls 
-
A 
.J/Ptt: Q) 1.5 Uc = + 0.3 mls CJ + 
'- 4F', 
.2 
iij 1.0 
... 
c: 0.5 0 
N 
'i: 0.0 0 
::J: 
~ 
-0.5 ns 
Q) 
c. -1.0 
't:I 
~ 
~ 
(/) 
ns 
Q) 
:E 
'& 
~ 
-Q) 
CJ 
'-
.2 
iij 
... 
c: 
0 
N 
'i: 
0 
J: 
~ 
ns 
Q) 
c. 
't:I 
Q) 
'-~ 
III 
ns 
Q) 
:E 
-1.5 
-2.0 
-2 .5 
-2 .5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 
Computed peak horizontal force (kgf) 
2.5 
0 Uc = - 0.1 mls ..,+ 2.0 
Uc =- 0.2 mls ~6i' A 
1.5 + Uc =- 0.3 mls ~ 1.0 
0.5 
0.0 
-0.5 
-1.0 
-1.5 
-2.0 
-2.5 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 
Computed peak horizontal force (kgf) 
Fig. 6.118 Measured and computed peak forces for vertical rectangular 
cylinder for aspect ratio = 112 in co-existing waves and currents 
244 
100.0 
0 
• 0 
.0 
10.0 • 
0 
0 
1.0 
0.0 
4.0 
3.5 
3.0 
• 0 
~ 2.5 0 0 
2.0 CM 
• 
1.5 
1.0 
0.5 
0.0 
0.0 
.0 
• <0 
• ~ 
• • ~ •• • • 
c9 0 
1.0 
0'l:J 
• 0 
o • 0 
• • 
1.0 
• 
0 
0 
o 0 ~ .. 
• 
0 
2.0 
KC 
0 
• 
•• 
• 
2.0 
KC 
• Uc = + 0.2 mls 
0 Uc = - 0.2 mls 
"0 
·0.· 0 • 0 
0 
3.0 4.0 
0 0 0 
0 o. III • 
•• 
• 
3.0 4.0 
Fig. 6.119 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 2/1 in co-existing waves and currents 
for Uc =±0.2 rnIs 
245 
100.0 
o 
10.0 
1.0 
0.0 
4.0 
3.5 
3.0 I-
2.5 I-
CM 
2.0 
1.5 
1.0 
0.5 
0.0 
0.0 
.0 
0 
f> • o. 
o i 0 
00 
0 0 
• 
•• 
• 
db oe • 0.0 
o 
1.0 
rP 
o8gcP 
• 
• 
• • 
1.0 
• 
• 
. -~ • 0 0 0 
·0 • 
o 0 
2.0 3.0 
KC 
0 0 0 
0 0 
• 0 0 
• ,. 
• • 
• 
• • 
2.0 3.0 
KC 
• Uc = + 0.4 ",Is 
o Uc = - 0.4 ",Is 
• • • 
• • • 
• 
4.0 
• 
4.0 
5.0 
5.0 
Fig. 6.120 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 2/1 in co-existing waves and currents 
for Uc =±O.4 mls 
246 
100.0 
10.0 
1.0 
0.0 
4.5 
4.0 
3.5 
3.0 
2.5 
eM 2.0 
1.5 
1.0 
0.5 
0.0 
0.0 
-%'. -,0 
0C¢- I -o () ,
()O () - .. , 
g~()O , c> 
()o () ~ () - -~ 0 0 ttl() 0 
0 
1.0 2.0 
- -.. . 
_-., I' ... . 
• ••• 
() 
() 
() 
o 
o 
o 
()() 
o 
1.0 
o 
()<p 
() 0 o 
2.0 
0 
KC 
•• 
• • 
KC 
-
Uc = 0.0 ",Is 
() Uc = + 0.2 ",Is 
0 Uc = + 0.4 ",Is 
.. () ~ o~ 
--
0 0 0 
3.0 4.0 5.0 
--• • • • • 
- • 
()~ () 
o '6 o 
3.0 4.0 5.0 
Fig. 6.121 Drag and inertia coefficients for rectangular cylinder with aspect 
ratio = 211 for positive currents 
247 
100.0 
10.0 
1.0 
0.0 
4.5 
4.0 
3.5 
3.0 
2.5 
eM 2.0 
1.5 
1.0 
0.5 
0.0 
0.0 
o 
() 
~ .. \ 
oo~ <>I~ •• 
o 0 o~ ... , 
O'off 0 <> 
<><> 0 
~ 0 
o 
1.0 
o 
<> 
. ..,.' 
... , I' .... 
• •• • ~f() cP 0 "<> 
o cPO 0 ~<> oQ;) 
o ¢ 
0 
1.0 
• Uc = 0.0 ",Is 
o Uc = - 0.2 ",Is 
o Uc = - 0.4 ",Is 
, . 
• • o ~oo "- • 
o 0- 0·. o • • • 
o o o 
2.0 3.0 4.0 5.0 
KC 
•• , 
•• 
• • • • • 
• 
~. 8 • 0 0 0 
0 0 00 o 0 
2.0 3.0 4.0 5.0 
KC 
Fig. 6.122 Drag and inertia coefficients for rectangular cylinder with aspect 
ratio = 2/1 for negative currents 
248 
100.0 r-------------------~========~ 
I
. Uc - O.O,";' I 
10.0 
•• 
• 0 
() Uc - +0.1"';1 
o U(' - +O,4"';s 
.. 
• 00 
o 
1.0 l...-__ --'-___ '-__ --'-__ ---' __ ----' 
0.0 1.0 2.0 3.0 4.0 5.0 
KC 
100.0 
10.0 • 
1.0 
0.1 
0.0 1.0 2.0 3.0 4.0 
KC 
Fig. 6.123 RMS in-line and lift force coefficients for vertical rectangular cylinder in 
co-existing waves and currents for aspect ratio = 2/1 
5.0 
100.0 .-------------------r=::::::====::;-] 100.0 .------- -------------, 
10.0 
I · Ik - 0.0"';, J o Ik -· O.}"';, o Uc - . 0.4 nels 
., .. 
0<$$>0'l.00 .0 
10.0 
i 
C 
1.0 
.0 
00 
o ~ 
i. t 0 
Jo °fB oOo 
.. O~OO 
•••• 0: o. of 
..,\ ~~o 
'" 
1.0 L __ -'-__ --'-___ .L.-__ -'-__ --' 0.1 
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 
KC KC 
Fig. 6.124 RMS in-line and lift force coefficients for vertical rectangular cylinder with 
aspect ratio = 2/1 for negative currents 
5.0 
100.0 r---------;::====~==:;! 
I 
0 Uc· 0.0"';, j 100.0 F---------;::==:::=~==:;! l · Uc - 0.0 "';, I 
10.0 
• 
• o 
~ 
~ 
o 00 •• 
00 •• 
o o. 
OoO~~·Cb·o , 
0 0 0 ~o 0 0 ." •• 
o Uc · +O.1m1s 
Uc - + 0.4 "';, 
.0 <\00 0 <I> t9 
o 00:>0 o 
00 
o 
10.0 
• o 
~ 
o 
. ~ .. 
ocj>O 0 ~o 0 
o Uc -. O.1Iff1s 
o Uc - - O.l mI, 
.. 
o 
1.0 L __ -'--___ -'-____ --<-____ --L ____ ---' \.0 l...-----'---_'--_ _ --'-___ '--_ -l 
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 
KC KC 
Fig. 6.125 RMS total force coefficients for vertical rectangular cylinder in co-existing 
waves and currents for aspect ratio = 2/1 
249 
5.0 
5.0 
c;:- o Uc = + 0.2 nils ~O C) 4.0 ~ 6 Uc = + 0.4 nils 
-CD 3.0 ~ (J 6 
"- ~o 
.e 2.0 ~ n; 
-c 1.0 0 
N 
'i: 0.0 0 
:::J: 
~ 
-1.0 cu 
CD 
Q. 
-2.0 
'C 
CD 
-3.0 "-:::J 
en 
cu 
-4.0 CD 
~ 
-5 .0 
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 
Computed peak horizontal force (kgf) 
5.0 
c;:- o Uc =- 0,2 nils 
C) 4.0 Uc =- 0.4 nils ~ 6 
-CD 3.0 (J 
... 
.e 2.0 n; 
-c 1.0 0 
N 
'i: 0.0 0 
:::J: 
~ 
-1.0 cu 
CD 
Q. 
'C -2.0 
CD 
"-
-3 .0 :::J 
en 
cu 
-4.0 CD ~ 
-5 .0 
-5 .0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 
Computed peak horizontal force (kgf) 
Fig. 6.126 Measured and computed peak forces for vertica l rectangular 
cylinder for aspect ratio = 211 in co-existing waves and currents 
250 
100.0 
C M 
10.0 
1.0 
0.00 
2.3 
2.1 
1.9 
1.7 
1.5 
1.3 
1.1 
0.9 
0.7 
0.5 
0.00 
Fig. 6.127 
o 
0 
o 
o 
• 
•• 
o 
0.25 
00 
o. 
• 
• 
0.25 
o 
00 • 't0~ • o· 
.ra; 
o ~ 0 
0.50 0.75 
~ eo··o 6Ji 0 
0 
0.50 0.75 
o 
o • 
1.00 
KC 
o 0 
1.00 
KC 
1.25 
• o. 0 
1.25 
• Uc = + 0.1 nils 
o Uc = - 0.1 nils 
• 
o 
1.50 1.75 2.00 
• • cf/f 
0 
1.50 1.75 2.00 
Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 3/4 in co-existing waves and currents 
for Uc =± 0.1 mls 
25 1 
100.0 
CM 
10.0 
1.0 
0.00 
2.3 
2.1 
1.9 
1.7 
1.5 fo-
1.3 
1.1 
0.9 
0.7 
0.5 
0.00 
0 
00 
0 
• 
• 
0.25 
0 So 
• 
• 
0.25 
0 
00 0 
c9 • 
01'0. ~ 
• 
• 
•• • 
0.50 0.75 
o 0 ooo~~~ •• 
• • 
• 
0.50 0.75 
o~ 
0 
II 
1.00 
KC 
, 
,p 
1.00 
KC 
o oO •• g 
1.25 
o ~ 
0 •• 
0 
1.25 
• Vc = + 0.2 ",Is 
0 Vc = - 0.2 ",Is 
• 0 • 
1.50 l.75 2.00 
• • 0 
1.50 1.75 2.00 
Fig. 6.128 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 3/4 in co-existing waves and currents 
for U c =± 0.2 mls 
252 
100.0 
• Uc = + 0.3 mls 
0 
0 Uc = - 0.3 nils 
00 
0 
• 
10.0 
0 
• 
• c90'S a:q. i 0 • 0 00 
• 0 •• • 0 •• • • .0 • • • • • 
1.0 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 
KC 
2.1 
00 • 1.9 o 0 0 0 .0 
• • • 0 • 0 0 
•• 
0 
• to~o,* 0 • 1.7 00 • 0 • 
• 1.5 # 
• 
• 
CM 1.3 • 
1.1 
• 
0.9 
0.7 
0.5 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 
KC 
Fig. 6.129 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 3/4 in co-existing waves and currents 
for V c =± 0.3 mls 
253 
100.0 -r-------------------------, 
• Uc = 0.0 ",Is 
o Uc = + 0.1 ",Is 
o Uc = + 0.2 ",Is 
+ Uc = + 0.3 mls 
CD 10.0 
C M 
• 
1.0 ~--~----~--~--~----~--~----~--~--~~~ 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
3.0 
2.5 -
••• • • 
. ~.... • • • • .. 
" 2.0 • • Q;)oo 00 0+ CO ~ ~ o + + + ~~ 0 ~+ + 
1.5 -
o 00 0 + + 
0:> + it-
o + 
+ 
1.0 + 
0.5 
0.0 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
Fig. 6.130 Drag and inertia coefficients for vertical rectangular cylinder with 
aspect ratio = 314 in waves and positive currents 
254 
100.0 .--- --------------- - ----, 
eM 
\. 
• Uc = 0.0 ",Is 
o Uc = - 0. 1 ",Is 
o Uc = - 0. 2 ",Is 
+ Uc = - 0. 3 ",Is 
e!J • 
• o 
1. 0 -1-_.....l-_-L-_--L._---L_----L_----.J"--_J....-_-'--_....I.-_ -' 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
3.0 
2.5 
••• • • • . ) .... • • • .. ~ 
2.0 - • 
• O~_l)+o 00 0,. ~~~ i9 0 6- + 0 0 ~ 
-to 0 
1.5 
1.0 -
0.5 
0.0 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
Fig. 6. 131 Drag and inertia coefficients for vertical rectangular cylinder with 
aspect ratio = % in waves and negative currents 
255 
100.0.,,--- ---- ------------, 
l 10.0 
\.i 
0 00 
o fl'o 
(J ~. + 
+ ++ ~ .:... •• 
~lPf4. 0 ", 0 
+ +0 or 
+ + 
o 
• Uc · 0.0m/1 
o Uc - + O. I mI, 
o Vc - +0.1 MI. 
+ UI: - + 0.3 mI, 
00 _ • 
o +q.oo +:+ •• ~ 
o 
+ 
1.0 .l.----'_-'-_-'-_'----'-_ -'-_-'-----'_-'----' 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
10.0.,,---- ---------------
i 1.0 
d 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
Fig. 6.132 RMS in-line and lift force coefficients for vertical rectangular cylinder in 
co-existing waves and currents for aspect ratio = 3/4 for positive currents 
100 .0~------------------------. 
i 10.0 
\.i 
• Uc · O.O"v1 
o Uc -. O.lIIfI, 
o uc - · o.]".;, 
+ Uc -. O.J mI, 
1.0 L----'_-'-_.L.---'-_-'-_..I....---L_ -'-__ '---' 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
! 
d 
100.0 ~-------------------
10.0 + 
at.. + 
800 + 1 + 
0 0 ~o ). 0 
1.0 00 dt;t +0 ..... 0 0 0 0 'V toO ~oo 0 
o • 
• 
+ 0 0 
. o • 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
Fig. 6.133 RMS in-line and lift force coefficients for vertical rectangular cylinder in 
co-existing waves and currents for aspect ratio = 3/4 for negative currents 
100.0 ...-------------------------------"'1 
~ 10.0 
u 
q. .. 
o • 
°410 •• • 
+ + ....... :'- • 
""'. . 
+ f8i-+o,4lll> 
• Uc - 0.0 mI, 
o Vc - +D.I ifill 
o Uc - + tJ.ltwl, 
+ Uc - +O.J mil 
• 
~+ 
1.0 1----'-_-"----'--'--..I....---'--...l.---1.--'---' 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
100.0 .-----------------------------~ 
+ 
• 
J 10.0 
• Uc - 0.0 mI, 
o Vc -. O.l "'" 
o Uc -· O.lM1s 
+ Uc - · O.JmI, 
.. 
o •• 
+ 0 0 
1.0 -'-----''---'-__ -'-__ -'----' __ -'-__ -'-__ '-----'--..l 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
KC 
Fig. 6.134 RMS total force coefficients for vertical rectangular cylinder in co-existing 
waves and currents for aspect ratio = 3/4 
256 
5.0 
~ 4.0 -
~ 
-G) 
C) 
~ 
.2 
C'CI 
-c: o 
N 
3.0 -
2.0 
.§ 0.0 
z 
~ -1.0 C'CI 
CI) 
~ -2.0 
CI) 
5 -3.0 
1/1 
C'CI 
CI) -4.0 
::E 
-5 .0 
o Uc = + 0.1 mls 
A Uc = + 0.2 mls 
+ Uc = + 0.3 mls 
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 
Computed peak horizontal force (kgf) 
5.0 
c;::- o Uc = - 0.1 mls 
OJ 4.0 ~ Uc = - 0.2 mls 
-
A 
CI) 3.0 Uc = - 0.3 mls C) + ~ 
.E 2.0 c; 
-c: 1.0 0 
N 
"i: 0.0 0 
Z 
~ 
-1.0 
C'CI 
CI) 
~ 
-2.0 
"tJ 
CI) 
-3.0 ... ::J 
III 
"' -4.0 CI) 
::!: 
-5.0 
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 
Computed peak horizontal force (kgf) 
Fig. 6.135 Measured and computed peak forces for vertical rectangular 
cylinder for aspect ratio = 3/4 in co-existing waves and currents 
257 
CD 
eM 
100.0 
• Uc =+O.l ntis 
o Uc = - 0.1 ",Is 
0 
10.0 0 
• 
0 
• • , 0 0 • • 0 
.0:>0 ~ • • • • 0 • • • • 0 0 • 0 0 
• 0 
0 0 0 0 0 1.0 0 
0.1 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
KC 
3.0 
• • 
r:P • 0 • 2.5 .0 
• o °q,~0~ : • 0 • 0 0 0 
o· 
o 00 •• 0 
2.0 0 0 • 
• 0 • 
• 1.5 
1.0 
0.5 
0.0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
KC 
Fig. 6.136 Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 4/3 in co-existing waves and currents 
for V c =±0.1 mls 
3.5 
3.5 
258 
100.0 
0 
10.0 
1.0 
0.1 
0.0 
3.5 
3.0 
2.5 
0 
2.0 f-
CM 1.5 
1.0 
0.5 
0.0 
0.0 
Fig. 6.137 
• Uc = + 0.2 tnls 
0 Uc = - 0.2 tnls 
• • 0 go 
00 q! 0 
• ~ • Q) • .. 0 0 
• ~. i 0 • • • 0 • • • • 0 0 • 
0.5 1.0 1.5 2.0 2.5 3.0 
KC 
• • 0 • o· o ~ •••• 0 • 0 "0 0 • 0 0 
• 0 0 0 0 
.. tJ 0 8 
0 
• 
·0 
• 
• 
0.5 1.0 1.5 2.0 2.5 3.0 
KC 
Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 4/3 in co-existing waves and currents 
for U c =± 0.2 mls 
3.5 
3.5 
259 
100.0 
0 
10.0 
1.0 
0.1 
0.0 
3.5 
3.0 
2.5 
2.0 0 
C M 1.5 
1.0 
0.5 
0.0 
0.0 
Fig. 6.138 
• Uc =+ 0.3 mls 
• 0 Uc =- 0.3 mls 
O.fIo 0 • 
1)0 0 
cP • 0 0 • 
• 0 
• 
.. 
• • 0 
00 0 • • o 0 • 0 • 
• 
.. 
0.5 1.0 1.5 2.0 2.5 3.0 
KC 
• 
.. • • 
• • 
0 
Eb O~Cb~ 0 o 0 0 0 0 
" 0 , 
• 
• 
• 
• • • 
0.5 1.0 1.5 2.0 2.5 3.0 
KC 
Drag and inertia coefficients for vertical rectangular cylinder for 
aspect ratio = 4/3 in co-existing waves and currents 
for Uc =±0.3 mls 
3.5 
3.5 
260 
100.0 .,.----------------------, 
10.0 
1.0 
0.1 
+ 
• 0</. 
o 
o 
+ .. , . 
• Uc = 0.0 ",Is 
o Uc = + 0.1 ",Is 
o Uc = + 0.2 ",Is 
+ Uc = + 0.3 ",Is 
o 
•• • c· o "", •• ~. 0"" 0 0 
o 
+ 
~ 0 + 0 + 
+ '* 
o 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
KC 
3.5 
3.0 
• • • • • 
•• 1 .'.: • o· 0 •• 0 0 0 + 0 2.5 ~. 
-- .~ ~ ... + 0 oot!> <8.fo 0 0 • ~ + cP 
2.0 ... 0 ~ 0 0 0 0 -tr CM 0 + 
1.5 0 + 0 + 0 
1.0 + + + 
0.5 -
0.0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 
KC 
Fig. 6. 139 Drag and inertia coefficients for vertical rectangular cylinder with 
aspect ratio =4/3 in waves and positive currents 
3.5 
26 1 
100.0 ooor:------------------------, 
10.0 
1.0 
0.1 
• o +e+ 
<>. • ., ~j ++ + 
o ~+ <0 +. 
o ~~(J:. 
... "B'. 
+ + 00<> 
<> 
• 
• Uc = 0.0 ",/s 
o Uc = - 0.1 ",/s 
<> Uc = - 0.2 ",/s 
+ Uc = - 0.3 ",/s 
• • 
o 
<> 
• 
0.0 0.5 1.0 1.5 
KC 
2.0 2.5 3.0 
3.5 
3.0 • • • • • 
. .. ' • • • •• •• 2.5 -I. ~~ •• cP 0 <> <> 0<> <> <> <>. <> 0 0 0 o <> + + 0 tp0 +..,~ ql<> +<4 + + 
2.0 + 0+ <> <> 
CM <>s 
1.5 <> 
1.0 
0.5 
0.0 
0.0 0.5 1.0 1.5 2.0 2.5 
KC 
Fig. 6.140 Drag and inertia coefficients for vertical rectangular cylinder with 
aspect ratio 4/3 in waves and negative currents 
3.0 
262 
lOO.Oc---------------------------------. 100.0 -.-------------------------------, 
~ 10.0 
t.J 
• Vc - 0.0 mil 
o Uc -+ O.l "';l 
o Uc - +0.2"';, 
+ Uc - + D.J mi. 
+ 0 0 
i 
d 
10.0 
1.0 
+ 
<>t-
o 
0+ + 
+ o 
1.0 .l..-__ _'_ ____ L-__ _'_ ____ '_ __ --'-__ ---' __ -' 0.1 ~-~--~--~'---~----~--~--~ 
100.0 
~ 10.0 
t.J 
0.0 
1.0 
0.0 
+ 
0 
0 
• 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
KC KC 
Fig. 6.141 RMS in-line and lift force coefficients for vertical rectangular cylinder with 
aspect ratio = 4/3 for positive currents 
100.0 
• u,, - 0.0 "';, 
0 Vc -. 0. /"';, 
0 Uc -. 0.1 MI, 
+ Uc -. D.J mi. 
+ + 0 
+ 
& ~. + 
°9~ 
o ~ ... ·~<9:0 • 0 0 o+°cl~co· + _ .. • 0 
10.0 8 + 
0 0 + 
• +11 0+ + 
j g ... +.0 c%: !+ + 0 +0 
o~"r + 1.0 90 ". + 0 cat 0 • 00. ~: o •• 0 
co .8. 
0 
0.1 
0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 
KC KC 
Fig. 6.142 RMS in-line and lift force coefficients for vertical rectangular cylinder with 
aspect ratio = 4/3 for negative currents 
3.5 
3.0 
100.0 100.0 ...,---------------------------------, 
+ 
8 
• 
10.0 
1.0 
0.1 
0.0 
• 
0 
+ 0 0 
+ + 
~+ 
.0+ + o~U·~.~ 0 
j. oo~ o~~ ••• 
Uc - 0.0 mi • 
Uc - ·D.l mI. 
Uc -. 0.1 mi. 
Uc -. O.J mi. 
10.0 
." • 
1.0 
+ 
.. 
• 0 d' + + ~. 
o<»~J 
• Uc · O.OMl, 
o Uc -+ D./ mI, 
o Uc - + 0.2 MI, 
... Uc · "·O.J"';, 
0.1 ~--~----~--~'----'-----~--~--~ 
0.5 1.0 1.5 
KC 
2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
KC 
Fig. 6.143 RMS total force coefficients for vertical rectangular cylinder in co-existing 
waves and currents for aspect ratio = 4/3 
3.5 
263 
It:' 6.0 
~ 5.0 -
-
o Uc = + 0.1 ntis 
b. Uc = + 0.2 ntis 
~ 4.0 + Uc = + 0.3 ntis 
... 
.E 3.0 
.!9 2.0 
c:: 
o 1.0 -
N 
.§ 0.0 
::I: ~ -1.0 
n:s 8. -2.0 
'0 -3.0 E 
~ -4.0 III 
n:s 
(I) -5 .0 
~ 
-6.0 
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 
6.0 
c;::- 5.0 C) 
.::e. 
- 4.0 (I) 
(J 
... 3.0 
.E 
"iii 2.0 
.... 
c:: 1.0 0 
N 
.t: 0.0 0 
::I: 
-1.0 
.::e. 
n:s (I) 
-2.0 a. 
'C 
-3.0 (I) 
... 
:::l 
-4.0 III 
n:s (I) 
-5.0 :E 
-6.0 
-
-6 
Computed peak horizontal force (kgf) 
o Uc = - 0.1 mls 
b. Uc = - 0.2 mls 
+ Uc = - 0.3 mls 
-5 -4 -3 -2 -1 0 1 2 3 4 5 6 
Computed peak horizontal force (kgf) 
Fig. 6.144 Measured and computed peak forces for vertical rectangu lar 
cylinder for aspect ratio = 4/3 in co-ex isting waves and currents 
264 
6.3 Horizontal Cylinder 
6.3.1 Regular Waves 
6.3.1.1 Square Cylinder with Aspect ratio = 1.0 
The characteristics of drag and inertia coefficients of horizontal square cylinder in 
regular waves are illustrated in Figs. 6.145 and 6.146, for a relative depth of 
submergence d/h = 4.68 (where d is the water depth and h is the depth of cylinder 
axis from still water level) and in this case the cylinder axis is at a depth of 0.4 7 m 
from still water surface. The acquired data was analysed using least square approach 
of wave-by-wave analysis to obtain the hydrodynamic coefficients. Results obtained 
by analysing individual cycles of data show that throughout the range of KC number 
tested, the coefficients exhibit less scatter in the horizontal direction compared to 
vertical direction. The variation of horizontal drag coefficients, CDX and vertical drag 
coefficients, CDr versus Keulegan-Carpenter number is shown in Fig. 6.145, for 
seven representative values of frequency parameter, f3 (=B2/vTJ. The maximum 
value of KC obtained is about 5.0 and the value of f3 ranges from 7593 to 15495. 
Though, there is a definite trend in drag coefficients with KC number, there is no 
distinct further variation with frequency parameter. In general, the drag coefficients 
decrease with increase in KC for both vertical and horizontal directions. They exhibit 
larger values at low KC numbers and decreases very sharply with increase in KC 
numbers. The values of drag coefficient are higher in wavy flow than in steady flow, 
as in waves, the wake from one half-wave cycle is swept back over the cylinder in the 
next half cycle. The drag coefficient is expected to approach the steady flow value 
only for very high KC number, when the returning wake has nearly totally decayed. 
The high values of drag coefficients at low KC numbers are associated with the flow 
separation and the first appearances of vortices, which take place for these sharp-
edged cylinders at very low KC numbers. Therefore, the cylinder whose vortices and 
separated flow are large would be expected to have a higher drag force and hence a 
high drag coefficient at these low KC numbers. 
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Fig. 6.146 is plotted for horizontal inertia coefficients, CMX and vertical inertia 
coefficients, CMY versus Keulegan-Carpenter number. The effect of varying frequency 
parameter does not show any significant difference in inertia coefficients. It is 
observed from these plots that at low KC numbers, both CMX and CMy approaches 
potential flow value, when KC number tends to zero. However, CMX is found to reach 
a value of about 2.5, which is higher than the potential flow value of 2.2. Further 
increase in KC numbers results in a sharp reduction in CMX and CMy values. This 
reduction in CMX is observed up to KC number of around 3.5 to 3.75, where it reaches 
a minimum value of around 1.2 for CMX and 0.96 for CMY and then these values 
increases with further increase in KC number. The reason for this reduction in inertia 
coefficients is attributed to the existence of a circulating flow [Chaplin, (1984a, 
1984b)] created by rotating separated vortices around the cylinder at low KC 
numbers. For higher KC numbers, the weakening of the circulating flow around the 
cylinder, results in an increase of the inertia forces. 
Figs.6.147 and 6.148 are replotted for CMX• CMY. CDX and CDY along with the 
experimental results obtained by Ikeda et al. (1988a) for two wave periods, 
T = l.4sec and 1.6sec. The CDX values in the present study are comparatively higher 
and the inertia coefficients, in general, show a good comparison with Ikeda et al. 
(1988a) results. The root mean square force coefficients are plotted in Fig. 6.149 for 
both horizontal and vertical forces. The forces are normalised with 0.5 p B U::ns . The 
measured forces are compared with the corresponding Morison forces in Figs. 6.150 
and 6.151 for two cases. 
For horizontal cylinders, the mean of the force ratio in horizontal (x) and vertical (y) 
directions are defined as 
(6.2) 
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YP F 
yc 
(6.3) 
In Table.6.3 these values are presented. Note only positive peaks are given for both 
directions. 
The measured peak forces are compared with computed peak forces in Fig.6.152. It is 
observed from these plots that the positive peak forces are underestimated to an 
amount of up to 17% in horizontal direction and for vertical forces it is about 26% 
and the scatter in the data points indicate the presence of vortex shedding forces. 
In order to show the effect of changing the submergence depth, tests were conducted 
for another relative depth of submergence, d/h = 2.68, the axis of the cylinder is at an 
elevation of 0.82 m from still water level. Figs 6.153 & 6.154 are plotted for drag and 
inertia coefficients respectively for two d/h values. Drag coefficients in the horizontal 
direction takes almost identical values for both d/h ratios, however, for the vertical 
direction, drag coefficients corresponding to d/h = 2.68 are found to be comparatively 
larger than CDr for d/h = 4.68. Inertia coefficients corresponding to d/h = 2.68 are 
found to be slightly smaller than the inertia coefficients obtained for d/h = 4.68. 
6.3.1.2 Rectangular Cylinder with Aspect ratio = 112 
The variation of horizontal drag coefficients, CDX and vertical drag coefficients, CDr 
versus Keulegan-Carpenter number is shown in Fig. 6.155 for aspect ratio = 112, for 
relative depth of submergence dlh = 4.68. The maximum value of KC obtained is 
about 2.25 and the value of P ranges from 26860 to 56537. In general, the drag 
coefficients decrease with increase in KC for both directions. Fig. 6.156 is a plot of 
the horizontal inertia coefficients, CMX and vertical inertia coefficients, CMr versus 
Keulegan-Carpenter number. The effect of varying frequency parameter does not 
show any significant difference in inertia coefficients. It is observed from these plots 
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that at low KC numbers, both CMX and CMY approaches potential flow value, when KC 
number tends to zero. CMX is found to reach a value of about 2.0 at KC about 0.2. 
The further increase in KC numbers results in a reduction in CMX and CMY values. For 
example, at KC = 2.25, CMX = 0.846 and CMY = 2.259. 
Fig. 6.157 is replotted for CDX and CDyalong with the experimental results obtained 
by Arai (1993). The drag coefficients in the present work are found to be higher than 
those reported by Arai (1993). In Fig. 6.158, inertia coefficients are compared with 
the data obtained by Ikeda et a1.(1988b) and Arai (1993,1995). A good comparison 
exists for horizontal force with Ikeda et al.( 1988b) and Arai( 1995) results. The root 
mean square force coefficients are plotted in Fig. 6.159 for both horizontal and 
vertical forces. The vertical rms force coefficient, CFYrms is found to be about 47% to 
54% higher than CFXrms. The measured forces are compared with the corresponding 
Morison forces in Figs. 6.160 and to 6.161 corresponding to the lowest and highest 
KC numbers tested. Measured peak forces are compared with computed peak forces 
in Fig. 6.162. The positive peak forces are underestimated to an amount of up to 17% 
and 7.6% respectively in horizontal and vertical directions. 
The effect of submergence depth on drag and inertia coefficients are depicted in 
Figs. 6.163 and 6.164 for two relative depth of submergence, dlh = 4.68 and 2.68. 
Drag coefficients in the horizontal and vertical direction for dlh = 2.68 are observed 
to be comparatively higher. The inertia coefficients corresponding to dlh = 2.68 are 
found to be slightly smaller than the inertia coefficients obtained for dlh = 4.68. 
6.3.1.3 Rectangular Cylinder with Aspect ratio = 3/4 
A similar trend in the variation of force coefficients is observed for another aspect 
ratio = 3/4. The variation of horizontal drag coefficients, CDX and vertical drag 
coefficients, CDY versus KeuJegan-Carpenter number is shown in Fig. 6.165. The 
maximum value of KC obtained is about 1.7 and the value of P ranges from 39956 to 
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84941. In general, the drag coefficients decrease with increase in KC for both 
directions. 
Fig. 6.166 is plotted for horizontal inertia coefficients, CMX and vertical inertia 
coefficients, CMY versus Keulegan-Carpenter number and here again, frequency 
parameter does not show any large variation in inertia coefficients and both CMX and 
CMyapproaches potential flow value, when KC number tends to zero. Increase in KC 
numbers results in a reduction in CMX and CMY values as found for other cylinders. 
The root mean square force coefficients are plotted in Fig. 6.167 for both horizontal 
and vertical forces. The horizontal rms force coefficient, CFYrms is found to be about 
58% higher than CFXrms at highest KC. The measured forces are compared with the 
corresponding Morison forces in Figs. 6.168 and 6.169. The measured peak forces are 
compared with computed peak forces in Fig. 6.170. A difference of 7.9% in 
horizontal direction and 12.8% in vertical direction between measured and computed 
positive peak forces are observed. 
The effect of submergence depth on drag and inertia coefficients are illustrated in 
Figs. 6.171 and 6.172 for two relative depth of submergence, dlh = 4.68 and 2.68. 
Similar to rectangular cylinder with aspect ratio = 112, drag coefficients in the 
horizontal and vertical direction for dlh = 2.68 are observed to be comparatively 
higher. Inertia coefficients corresponding to dlh = 2.68 are found to be slightly 
smaller than the inertia coefficients obtained for d/h = 4.68. 
The inertia coefficients for horizontal cylinders decrease rapidly with increase KC 
number. This was first reported by Chaplin (1984a,b) in the case of a horizontally 
submerged circular cylinder beneath the waves. It was suggested that this is caused 
by the non-linear effect of oscillatory boundary layer due to viscosity. Later, Chaplin 
(1988a) investigating the non linear forces on circular cylinders horizontally 
submerged in waves at low KC numbers and under circular orbital flow conditions, 
argued that the reduction of inertia coefficients are associated with a lift force caused 
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by the circulation of the flow relative to the cylinder, acting in the opposite direction 
to the inertia force. Chaplin and Retzler (1992) explain further that beneath a wave, at 
a point, the velocity and acceleration vectors rotate with the acceleration vector 
leading the velocity vector by 90°. The boundary layer present on the surface of the 
cylinder, even though the ambient flow is oscillatory, generates a steady flow parallel 
to the boundary which is known as 'steady streaming'. For a horizontally submerged 
cylinder under waves, this steady streaming circulates around the cylinder. A force is 
generated by the combination of circulation and the ambient flow, which is referred 
by the authors as 'lift' and it acts at right angles to the incident flow. There is 
continuous change in the orientation of the incoming flow and the lift and now the 
total force is the ideal flow force minus the lift force. The consequence is the result of 
a non-linear reduction in loading. The authors also indicated that the force associated 
with the circulation will not be strongly affected by Reynolds number and the loading 
is non-linear as it is proportional to the product of the incident velocity and the 
circulation and the force is proportional to the cube of the wave height and oscillates 
at the wave frequency. They also mentioned that separation and vortex shedding 
might cause substantial modifications to the loading due to viscosity. 
In the present work, it is believed that the above phenomenon takes place and this is 
the reason, for decrement of the inertia coefficients at low KC numbers, for horizontal 
cylinders. For the square cylinder, a maximum reduction of inertia force from their 
potential flow values, in horizontal and vertical directions are found to be 52% and 
55% respectively for KC < 4.0. Similarly for aspect ratio = 112, a maximum 
reduction of inertia force in horizontal and vertical directions are 52 % and 55% 
respectively for KC < 2.5 and for aspect ratio = 3/4, these value are 26% and 23% 
respectively for KC < 2.75. It is to be noted that the percentage of reduction given for 
aspect ratio = 1/2 and 3/4 are not necessarily the limiting values for the maximum 
reduction and if the experiments are performed to higher KC numbers, then there are 
chances of these values being different. 
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Table. 6.3. Means and standard deviations of measured and computed peak 
force ratios for horizontal cylinder in waves 
Current - -Rxp Ryp G.tl' G yn (m/s) 
1.0 1.176 1.262 0.117 0.236 
112 1.176 1.076 0.140 0.101 
3/4 1.079 1.128 0.108 0.103 
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6.3.2 Random Waves 
6.3.2.1 Square cylinder with aspect ratio = 1.0 
The results of the random wave forces measured for a horizontal square cylinder are 
discussed here. The waves are generated according to JONSW AP and Pierson-
Moskowitz spectra as in the case of the vertical cylinders. For all horizontal cylinders, 
drag and inertia coefficients are obtained by LS-WW method only. Drag and inertia 
coefficients obtained in horizontal and vertical directions for JONSW AP and PM 
spectra are shown in Figs. 6.173 and 6.174 respectively. These plots show that both 
these coefficients show a similar trend as in regular waves, i.e., drag coefficients 
shows larger values at low KC numbers and decreases with increase in KC number 
and the inertia coefficients approaches its potential flow value at low KC number and 
is found to decrease with increase in KC numbers. These results are corresponding to 
the relative depth of submergence dlh = 4.68. As the KC number for d/h = 2.68 is 
found to be very small, results are not be presented for this relative depth of 
submergence and reported results for all the cylinders are corresponding to 
d/h = 4.68. 
The measured and computed force spectral densities for three cases are shown in 
Figs. 6.175 to 6.178 for JONSWAP & PM spectra and the correlation between the 
force spectra is found to be good. The measured peak forces are plotted against 
computed peak forces and are shown in Figs. 6.179 and 6.180 for horizontal and 
vertical directions. The comparison for both spectra is found to be good, however, 
measured positive peak forces in the vertical direction are over predicted. 
6.3.2.2 Rectangular Cylinder with Aspect ratio = 112 
Drag and inertia coefficients for horizontal and vertical forces for rectangular cylinder 
with aspect ratio = 112 is shown in Figs.6.181 and 6.182. Drag coefficients 
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corresponding to PM spectra are found to be slightly higher compared to the 
coefficients from JS spectrum. 
The measured and computed force spectral densities for three cases are shown in 
Figs. 6.183 to 6.186 for JONSW AP & PM spectra and the correlation between the 
force spectra is found to be good. The measured peak forces are plotted against 
computed peak forces and are shown in Fig. 6.187 and 6.188 for horizontal and 
vertical directions. 
6.3.2.3 Rectangular Cylinder with Aspect ratio = 3/4 
Drag and inertia coefficients for horizontal and vertical forces for rectangular cylinder 
with aspect ratio = 3/4 is shown in Figs.6.189 and 6.190. Both drag and inertia 
coefficients take identical values for both spectra. The measured and computed force 
spectral densities for three cases are shown in Figs. 6.191 to 6.194 for JONSW AP & 
PM spectra and the correlation between the spectra is found to be good. The 
measured peak forces are plotted against computed peak forces and are shown in 
Fig.6.195 and 6.196 for horizontal and vertical directions. 
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6.3.3 Regular Waves and Current 
6.3.3.1 Rectangular Cylinder with Aspect ratio = 1.0 
For all horizontal cylinders, in waves and currents, the results reported are obtained 
by the wave by wave method and coefficients corresponds to a relative depth of 
submergence, d/h = 4.68. The force coefficients obtained for the horizontally 
submerged square cylinder with cylinder axis parallel to the wave crest in combined 
regular waves and currents are presented in Figs. 6.197 to 6.208. In Figs. 6.197 to 
6.202, the variation of the drag and inertia coefficients in the horizontal direction for 
the opposite and equal magnitude of currents is shown. It is observed from these 
plots that the horizontal drag coefficient CDX for all positive and negative currents is 
found to have almost similar range of values. CDX and CMX are re-plotted for positive 
and negative currents along with the coefficients obtained for no current in Figs. 
6.203 and 6.204 respectively. These plots reveal that the drag coefficients in the 
horizontal direction are significantly larger than the drag coefficients for waves alone. 
A large scatter is observed for CMX values and for KC < 2.5, some of the data for 
negative currents are found to be lower than the CMX for wave alone. In Figs. 6.205 
and 6.206 the vertical force coefficients, CDr and CMr are re-plotted for both positive 
and negative currents respectively. It is observed from these plots that CDr in waves 
and currents are found to be higher than CDr in waves alone. For negative currents, 
CMr show much lower values in comparison to waves alone inertia coefficients. 
However, some of the data points of eMr in negative currents are found to be higher 
than CMr obtained in wave alone. 
The nns coefficients in the horizontal direction, CFXrms and in the vertical direction, 
CFYrms are plotted along with those obtained for waves alone, in Figs. 6.207 and 
6.208. The variation of these coefficients for different current speeds does not seem 
to have much difference. The measured and computed peak forces for all the current 
speeds are shown in Fig. 6.209. In Table 6.4, means and standard deviations for all 
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current speeds are provided. For negative currents, a maximum of 39% difference is 
observed between the measured and Morison forces in horizontal direction. 
6.3.3.2 Rectangular Cylinder with Aspect ratio = 112 
The variation of the drag and inertia coefficients in the horizontal direction for aspect 
ratio = 112 are shown in Figs. 6.210 to 6.221. For Uc = -0.1 mIs, CDX is found to be 
considerably lower than C DX for Uc = +0.1 mls. C DX for Uc = -0.2 mls is again found 
to be lower than CDX for Uc = +0.2 m/s.. However, CDX is found to have similar 
values for Uc = -0.3 mls and +0.3 mls. CMX for Uc = -0.2 mls is found to be 
significantly higher than CMX for Uc = +0.2 mls. For example, C MX for Uc = +0.2 mls 
is found to vary from about 0.9 to 1.3 whereas, CMX for Uc = -0.2 mls is found to vary 
from 1.0 to 2.0. A similar trend in CMX is also found for Uc = -0.3 mls as can be seen 
in Fig. 6.212. CDyand CMyare shown in Fig. 6.213 and 6.215. CDY is found to be less 
influenced by current direction and speed. CMY for Uc = - 0.1 mls is found to be less 
than CMY for Uc = + 0.1 mls. 
In Figs. 6.216 and 6.217, CDX and CMx for all the positive and negative currents are 
plotted along with the coefficients for no current case (Uc = 0.0 m/s). These plots 
reveal that the drag coefficients in the horizontal direction for positive currents and 
waves are 3 to 3.5 times larger than the drag coefficients for waves alone and for 
negative currents and waves it is found to be 2 to 3 times larger than the drag 
coefficients for waves alone. The inertia coefficients for waves and currents are 
lower than those for waves alone. Beyond KC = 1.25, inertia coefficients for 
combined waves and currents and for the wave alone are converging. In Figs. 6.218 
and 6.219, CDY and CMY for all the positive and negative currents are plotted along 
with the coefficients for no current case. It is observed from these plots that the drag 
coefficients in waves and currents are slightly higher than the drag coefficients in 
waves alone. CMY is found to be lower than the CMyobtained for waves alone. 
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The rms coefficients in the horizontal direction, CFXnns and in vertical direction C FYrms 
are plotted along with those obtained for waves alone, in Figs. 6.220 and 6.221 
respectively. These coefficients do not change very much with different current 
speeds. CFXrms in waves and positive currents are observed to be 4.5 to 8.6 times 
lower than CFXrms in waves alone and CFYnns is found to be about 12 to 23 times lower 
than CFYrms in pure wave. CFXrms in waves and negative currents are observed to be 4 
to 5 times lower than CFXrms in waves alone and CFYnns is found to be about 11 to 13.5 
times higher than CFYnns in pure wave. The measured and computed peak forces for 
all the current speeds are shown in Fig. 6.222. From Table 6.4, for positive currents, 
both horizontal and vertical peak forces show less error compared to negative 
currents. 
6.3.3.3 Rectangular Cylinder with Aspect ratio = 3/4 
The variation of the drag and inertia coefficients in the horizontal direction for aspect 
ratio = 3/4 are shown in Figs. 6.223 and 6.224. For this aspect ratio, the results are 
available only for two current speeds, Uc = ± 0.2 and ± 0.3 m/s. For Uc = -0.2 mis, 
CDX is found to be higher than CDX for Uc = +0.2 mls. In Fig. 6.224, CMx for 
Uc = - 0.3 mls concentrates between 0.9 and 1.6, whereas, for Uc = + 0.3 mis, many 
data points of CM)( are found to have a value between 2.0 and 2.5. CDX is found to 
have similar values for Uc = -0.3 mls and +0.3 m/s. The variation of the drag and 
inertia coefficients in the vertical direction is shown in Figs.6.225 and 6.226. CDY for 
negative currents are found to be lower than CDr for positive currents. Similarly, CMy 
for negative currents is found to be lower than CMr for positive current. In Fig. 
6.227 and 6.228, CDX and CM)( for the two positive and negative currents are 
respectively plotted along with the coefficients for no current case. CM)( is found to 
have most of its values lower than the wave alone values. In Figs. 6.229 and 6.230, 
CDr and CMr for positive and negative currents are plotted along with the coefficients 
for no current case. It is observed from these plots that the drag coefficients for 
positive currents, do not differ much from the drag coefficients in waves alone and 
the vertical inertia coefficients in waves and currents are found to be lower than those 
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measured in waves alone. For KC > 1.0, CMY in positive currents tends to take values 
higher than the wave alone coefficients, whereas, for negative currents, it keeps 
decreasing for all KC numbers. 
The rrns coefficients in the horizontal direction, C FXrms and in vertical direction C FYrms 
are plotted along with those obtained for waves alone, in Figs. 6.231 and 6.232. 
CFXrms in waves and positive currents are observed to be about 7.5 to 12.5 times lower 
than CFXrms in waves alone and CFYrms is found to be about 15 to 30 times higher than 
CFYrms in pure wave. CFXrms in waves and negative currents are observed to be 7 to 20 
times lower than CFXrms in waves alone and CFYrms is found to be about 18 to 32 times 
higher than CFYrms in pure wave. The measured and computed peak forces for all the 
current speeds are shown in Fig. 6.233. It can be seen from Table 6.4 that the 
negative currents show a difference up to 66% between measured and Morison forces 
in horizontal direction, whereas, for the vertical direction, an under prediction by an 
average value of about 23% is observed. The standard deviations are around 0.12 and 
0.094 in horizontal and vertical directions respectively. 
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Table. 6.4. Means and standard deviations of measured and computed peak 
force ratios for horizontal cylinder in waves and currents 
Current Aspect ratio = 1.0 
(mls) Rxp (J"xp Ryp (J" ytJ 
+0.1 1.268 0.137 1.152 0.186 
+0.2 0.942 0.246 0.947 0.209 
+0.3 0.938 0.283 0.966 0.225 
-0.1 1.270 0.107 1.172 0.190 
-0.2 1.397 0.284 1.214 0.176 
-0.3 1.379 0.294 1.225 0.256 
Current A~ect ratio = Y2 
(m/s) Rxp u xp Ryp u yp 
+0.1 0.988 0.151 1.115 0.082 
+0.2 1.116 0.128 1.181 0.037 
+0.3 1.047 0.243 1.286 0.127 
-0.1 1.498 0.114 1.238 0.081 
-0.2 1.173 0.287 1.268 0.124 
-0.3 1.307 0.306 1.215 0.093 
Current Aspect ratio = 3/4 
(m/s) Rxp u xp Ryp uyl' 
+0.1 - - - -
+0.2 1.304 0.107 1.286 0.059 
+0.3 1.415 0.141 1.216 0.097 
-0.1 - - - -
-0.2 1.503 0.117 1.261 0.119 
-0.3 1.663 0.169 1.202 0.110 
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6.4 Pressure Distribution 
Several investigators have measured the wave induced pressure distribution around 
circular cylinders in the past and none of the literature on the pressure distribution on 
rectangular cylinders in waves is available to the knowledge of the author. However, 
using circular cylinder as reference, some of the features of the flow and pressure 
distribution around a rectangular cylinder can be described. 
A cylinder placed in a viscous flow field experiences several phenomenon that are 
not described by inviscid flow theory; an asymmetrical fore/aft pressure distribution 
relative to the direction of the flow, a wake velocity profile from free stream uniform 
flow, and vortex shedding. Viscous atmospheres satisfy the no-slip condition along 
the surface of an object. Fluid is thus still at the object's surface, and velocity 
increases at positions further from the surface until it reaches the limits of the 
boundary layer, where the flow is again uniform. The flow expands around the 
upstream face to a higher velocity until it reaches the highest (or lowest, based on 
symmetry) point relative to the flow. The pressure distribution at the highest and 
lowest points of the cylinder reveals the onset of an adverse pressure gradient 
(pressure increases and the velocity decreases in the direction of the flow). The flow 
that was slowly moving near that surface slows, stops, and typically reverses 
direction, causing the flow to separate from the object. Stagnation and separation 
cause trailing vortices, and these entire factors combine to form asymmetric fore/aft 
flow and pressures around the cylinder. 
From the present measurements for vertical cylinders, the pressure is maximum at the 
front surface and gradually decreases along the front half of the cylinder. The flow 
might stay attached in this pressure region. The pressure starts to decrease further in 
the rear half of the cylinder and the particle now experiences an adverse pressure 
gradient. As a result, the flow might have separated from the surface and create a 
highly turbulent region behind the cylinder, resulting the wake. The pressure inside 
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the wake region might have been low as the flow separates. This is more pronounced 
for higher d/L ratios. In the case of horizontal cylinders, the cylinder's surface (top 
side) close to the free surface experiences large pressure compared to the bottom 
surface. Here, the asymmetry in the pressure distribution may be attributed to the 
steady streaming that occurs in waves around the cylinders. 
These asymmetric pressure distributions around a circular cylinder have been 
measured by Borthwick (1990) and are reproduced in Fig. 6.234a. The pressure 
distributions have been obtained for 16 positions of the wave crest relative to the 
cylinder axis. KC number and Re numbers are calculated at the surface. The top left 
hand comer plot was obtained when the crest was on the cylinder axis. This figure 
also includes the theoretical pressure distribution obtained from local potential theory 
with a symmetrical distribution. As the figure indicate the agreement between theory 
and measurement is poor and the pressure distribution is asymmetric. Borthwick 
suggested that at sub-critical Reynolds number and at very low KC numbers, a steady 
streaming may cause third and fourth order components to appear in the fluctuating 
pressure profiles. At KC higher than 5, the circumferential pressures were dominated 
by second harmonic drag-induced components during the maximum velocity and 
other times of the cycle, the first harmonic inertia component due to acceleration was 
dominant. The asymmetry in the pressure distribution for a vertical cylinder is also 
confirmed by Kato and Ohmatsu (1989). 
The differences in measured and potential flow pressure distributions have also been 
discussed by Pearcey (1990) on circular cylinders in oscillatory flow. The author 
explains three situations:- (i) stagnation pressure is greater than the potential flow 
value; in this case the incident relative velocity is momentarily greater than the 
displacement velocity of the cylinder itself, (ii) stagnation pressure is less than 
potential flow value; in here the incident relative velocity is momentarily less than the 
displacement velocity of the cylinder due to a velocity decrement in the re-
encountered wake and (iii) stagnation pressure is nearly equal to theory; this shows a 
little or no perturbation in incident flow velocity. 
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In the case of rectangular cylinders, due to the above-explained factors, the 
asymmetry in the pressure distribution is quite acceptable, as the rectangular 
cylinders are known to produce vortices even at low KC numbers compared to 
circular cylinders. It has to be kept in mind that the pressure distribution is also 
depending on the shape of the waves, wave depth parameter (led) and the temporal 
variations of wave particle kinematics. Depending upon the position of the wave or 
velocity time series, the resultant force vector changes its direction, which will be 
different from the instantaneous velocity direction. The pressure distribution is also 
affected by the wake that forms in the downstream and by the vortex shed by a 
previous cycle. 
The measured dynamic pressures are analysed and presented as dimensionless 
pressure, Pmaxl(O.5pgH) , where Pmax is measured maximum pressure, H is the wave 
height. The location of pressure transducers around the cylinders for all test 
conditions is shown in Figs. 6.234b and 6.234c. Only a small number of pressure 
transducers were used, so the derivation of forces from the pressure measurements 
will not be accurate and therefore they were used only to give an idea of the flow 
pattern around the cylinder. The results reported are only the measurements in regular 
waves. The variation of dimensionless pressure for various values of relative water 
depth, dlL is shown in Figs. 6.235a and 6.235b for vertical cylinder of aspect 
ratio = 1/2. The range of wave steepness for each dlL is also given in the figures. 
The x-axis in the figure represents corresponding location of pressure transducers 
around the cylinders. It is seen from Figs. 6.235a and 6.235b that the normalised 
pressure does not vary much around the cylinder locations for smaller values of dlL at 
all HIL. For large values of dlL (diL > 0.794) a large variation on the pressures 
around the cylinder is noticed for all HIL values. Since the water depth is retained 
constant, the above plots reflect the effect of wavelength. It is also observed that 
increase in dlL results in the reduction of magnitude of the non-dimensionalised 
pressure, being more pronounced for deep water conditions. 
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A similar observation is made for all other vertical cylinders. The results for vertical 
rectangular cylinder with aspect ratio = 2/1 is shown in Figs. 6.236a and 6.236b. In 
these plots, the pressure at the surface facing the wave is found to be higher than the 
pressures measured at other locations. The results for aspect ratios = 3/4 and 4/3 is 
shown through Figs. 6.237a, 6.237b, 6.238a and 6.238b respectively. 
The normalised pressure for horizontal cylinder for aspect ratio = 1/2 with depth of 
submergence, dIh = 4.68 is shown in Figs. 6.239a and 6.239b. A maximum pressure 
is observed at PI and it decreases gradually up to P 3. As expected, pressures at P 5 
and P9 are lower than pressures at P4 and PI 0 respectively. The pressures at P6 and 
P7 are found to be lower than the pressures at other locations. The above-mentioned 
pattern of pressure distribution is found for all values of dlL and for all HIL values. 
Here again the magnitude of non-dimensionalised pressure decreases with increase in 
dlL values. For large values of dlL the pressures at locations P6 and P7 (at the 
bottom of the cylinders) reaches a lower value of about 0.2 to 0.5. A similar trend in 
the pressure distribution is observed for aspect ratio = 3/4 as seen from Figs. 6.240a 
to 6.240b, except that the pressure at PI is slightly lower than the pressure at P2. 
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6.5 Wave Run-Up 
The dynamic behaviour of waves interacting with vertical cylindrical structures is of 
great interest to offshore designers. In the past, wave run-up on cylinders was of 
minor interest because of the relatively small diameters of typical structural members. 
For small diameter cylinders, where wave loading is computed according to 
Morison's equation, it is common to assume that the wave is not disturbed by the 
cylinder so that the maximum wave run-up is assumed equal to the crest-wave 
amplitude. The more interest to designers is the case when the interaction results in a 
local amplification of the wave field. This amplification condition is known as wave 
upwelling. It is of interest to examine wave run up with large diameter cylinders, 
supporting deck structures, the deck may be impacted by run up which, if severe 
enough, cause considerable structural damage to the deck and the various appendages 
beneath the deck. Increasing the deck elevation may seem like a logical solution but, 
for some offshore structures, raising the platform deck will also raise vertical centre 
of gravity, which is associated with increased costs and decreased stability. Thus, a 
better understanding of wave upwelling phenomena is necessary in order to properly 
specify the deck elevation and the consequences of various design scenarios. 
In the present work, the wave run-up on the front and side surfaces of the rectangular 
cylinder is measured at the centre of the surfaces. It has been shown by Hallerrneier 
(1976) that the crest run-up on a circular cylinder can be estimated by 
u! 
R = TIc +-2g 
(6.4) 
where, TIc is the incident crest amplitude and U! is the incident crest velocity head 
2g 
and U is the horizontal fluid velocity at the incident wave crest. Niedzwecki and 
Huston (1992) conducted small scale experiments of wave run-up on a single column 
of a TLP and found that the maximum run-up can be expressed as 
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u2 R = 0.56H +6.52-
2g (6.5) 
where H is the incident wave height and U is the maximum horizontal fluid velocity 
at the still water surface, calculated by linear wave theory. In the present study, a 
simple formula of the form equation (6.5) has been developed for all the cylinders. 
Linear wave theory has been used to calculate the maximum horizontal water velocity 
of the incident wave. 
The variation of wave crest, measured run-up at the front and side surfaces of a 
square cylinder with wave steepness (HIL) for different relative water depths (dlL) is 
shown in Figs. 6.241 to 6.242. These results indicate that the wave crest and wave run 
up increase with increase in wave steepness. A critical examination of the results 
suggests that, given a particular value of HIL, the wave run-up at the front surface 
increases with increase in dlL. The rate of increase is found to be higher for higher 
dlL. The measured run-up at the front face is found to be more than the wave crest 
for all dlL and the run-up at the side face is observed to be lower than the wave crest 
for all dlL. The same trend is found with all other cylinders and hence they are not 
shown. Niedzwecki and Huston (1992) proposed that for large diameter cylinder the 
maximum run-up might be correlated directly to the velocity head in the form 
(6.6) 
The coefficient C, may generally to be assumed equal to 0.5 and the coefficient C] is 
the slope of the straight line through the data when RlH is plotted as a function of 
cI 12gH. Fig. 6.243 shows the measured run-up in the form RflH plotted as a function 
of incident crest velocity head, cJ 12gH, where Rf is the measured run-up at the front 
face. The best fit straight line is plotted over the data points in the equation of the 
line is given by 
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R ' 
J = 2.834 ~ + 0.5088 
H 2gH 
(6.7) 
Note that equation (6.3) is a similar form of equation (6.4) and the equation (6.4) is 
the linear regression formula (LRF) for the run-up on the front face. Now Fig. 6.244 
is plotted with measured run-up versus the run-up (RLRF) calculated by linear 
regression formula obtained from equation (6.4). It is evident from this plot that a 
good correlation is found between the measured and LRF run-up. A similar 
procedure is followed for all other cylinders and the results are depicted in Figs. 
6.245 to 6.252. The LRF for different cylinders are given below: 
R ' J = 1.8859~ + 0.5264 
H 2gH 
for aspect ratio Y2 (6.8) 
R U 2 2..= 4.7882--+0.4494 
H 2gH 
for aspect ratio 2/1 (6.9) 
R ' 
J = 3.1659~+0.5972 
H 2gH 
for aspect ratio 0/4 (6.10) 
R ' 
J = 2.0399~+0.4401 
H 2gH 
for aspect ratio 4/3 (6.11) 
The measured run-up at the front and side surfaces is normalized with the dimension 
of the cylinder facing the wave (D) and is plotted as shown in Figs. 6.253 to 6.257. 
The data are correlated with a straight line fit and the equation of the straight line is 
given as 
Rs = 0.5277 Rf +0.009 
D D 
for square cylinder (6.12) 
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Rs = 0.7651 Rf -0.0021 
D D 
for aspect ratio 112 (6.13) 
Rs = 0.2732 Rf +0.0169 
D D 
for aspect ratio 2/1 (6.14) 
Rs = 0.5829 Rf +0.0148 
D D 
for aspect ratio 3/4 (6.15) 
Rs = 0.453 Rf +0.0113 
D D 
for aspect ratio 4/3 (6.16) 
where, Rs is the measured run up at the side. The above expressions can be used to 
calculate the run up on the front and sides of the rectangular cylinders. 
For co-existing waves and currents, conclusive results could not be obtained as the 
run-up data showed large scatter with irregularity and hence the results are not 
presented. 
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6.6 Diffraction Force Results 
6.6.1 Vertical Cylinder 
The wave loading for a surface piercing vertical cylinder and for horizontally 
submerged cylinders are computed and the results are discussed in the following 
sections. The dimensions of the cylinders used are same as those given in Table 4.1. 
The results are reported in the form of non-dimensionalised forces and effective 
inertia coefficients as a function of scattering parameter, kb, where k is the wave 
number (refer Fig.6.264 for definition of b). For vertical cylinders the horizontal 
wave force can be expressed as 
1 
F = - CmpgHA tanh ( kd)cos( OJt - 0 ) 
2 
and the maximum force by, 
where, 
F fNLt = ~ C m pgHA tanh (kd) 
Cm is the effective inertia coefficient 
H is the wave height 
A is the cross-sectional area of the cylinder 
d is the water depth 
o is the phase angle 
(6.17) 
(6.18) 
The maximum normalised force for the vertical square cylinder is shown in 
Fig.6.258 along with the results of Isaacson (1978). Isaacson (1978) presented 
another form of the normalised force on a square caisson as 
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FntlJ.f (6.19) pgHbd (tanh (kd ) /(kd)) 
It is evident from this figure that a good comparison is found between the two curves 
up to kb = 2.25. However, for kb>2.25, Issacson results are found to be higher. 
Isaacson while comparing his results with Hogben and Standing (1975) found this 
divergence at larger values of kb and pointed out that this was due to the relatively 
large facet size to the wave length ratios used by Hogben and Standing in this range. 
Note that Hogben and Standing's results were based on computations involving 96 
facets or area elements distributed over the immersed column surface and Isaacson 
used 48 segments to describe the square section and in the present study the whole 
cylinder surface is divided in to 226 number of panels. 
The effective inertia coefficient, Cm is calculated using equation (6.18) and is 
compared with Isaacson results in Fig. 6.259. In the present results at kb ~O, em 
takes a value of 2.182 which is the same as the theoretical value of 2.19 for a square 
cylinder, whereas, Isaacson reported a value of Cm = 2.14 at kb -+ 0 and this 
difference in inertia coefficient value was explained as due to the reduction in the 
effective sectional area associated with rounding off comers. Similar to the forces for 
kb > 1.43, the present results for em are also observed to be lower than those reported 
by Isaacson. 
The normalised maximum resultant horizontal force can also be expressed in the form 
[Shankar et al. (1983)], 
F nuLf (6.20) 1 , 
"2 PgHb· 
The computed force for a square cylinder is expressed in the form of equation (6.20) 
and is compared with results by Shankar et al. (1983) in Fig. 6.260 for two relative 
depth (dlb, where d is the water depth and b is same as defined above) equals to 1.0 
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and 2.5. The results by Shankar et al. are based on the finite element formulation of 
the linear diffraction problem. It is observed from Fig. 6.260, that for dlb = 1.0 and 
for kb < 1.92, the normalised forces reported by Shankar et al. are smaller than the 
present results and for 1.92 > kb < 3.67, present results are found to be lower than 
Shankar et al results. A similar trend is observed for dlb = 2.5, but the difference is 
not as significant as for dlb = 1.0. 
The effect of relative depth, dIb for the square cylinder is illustrated in Fig. 6.261 for 
three values of dIb, 1.0, 2.5 and 5.0. In general, the normalised maximum force for a 
particular dlb increases as kb increase up to a certain value and then it decreases with 
further increase in kb. The value of scattering parameter at which the normalised 
force reaches its highest value is dependent on relative depth. Keeping all other 
parameters constant, as the value of kb is increased, a higher force results until a peak 
value is reached. Then, further increase in kb reduces the force. 
As can be seen from the Fig. 6.261, forces on the cylinder increase with increase in 
relative depth dIb. For higher dlb or for deeper water conditions, any further increase 
in dlb is found to have less effect on the force. For kb > 1.9, the normalised force 
slightly decreases with increase in dIb. The corresponding inertia coefficients for 
three relative depths are plotted in Fig. 6.262. At lower values of kb. inertia 
coefficients for all dlb are found to merge together, however, for larger kb, Cm 
decreases with increase in d/b. The variation of phase angle for the horizontal force 
with kb is shown in Fig. 6.263. 
The maximum normalised horizontal force and effective inertia coefficients for 
rectangular cylinder with aspect ratio (DIb) equal to 112 is shown in Figs. 6.264 and 
6.265 respectively, for an angle of incidence Q= 0°. For kb< 0.82, the force on the 
cylinder increases with increase in the relative depth dlb and for kb > 0.82, the force 
coefficients corresponding to dIb = 5.0 is comparatively lower than d/b = 1.0 and 2.5 
and this trend is also observed in the inertia coefficients. The inertia coefficients show 
a value of 1.68 at lowest kb and decrease gradually as kb increases. In Figs.6.266 and 
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6.267, the maximum force coefficients and respective inertia coefficients for angle of 
incidence Q = 90° is shown. This plot indicate that the force coefficients reach a 
maximum around kb = 0.5 to 1.5. The inertia coefficients show a value of 3.16 at 
lowest kb. The variation of phase angle for the horizontal force with kb is shown in 
Figs. 6.268 and 6.269 for both angles of incidences. 
A similar trend of results is observed for another rectangular cylinder with aspect 
ratio = 3/4 as seen in Figs. 6.270 to 6.273 for Q= 0° and Q= 90°. The inertia 
coefficients show a value of 1.97 and 2.53 for Q = 0° and Q = 90° respectively at 
lowest kb, which are nearly the same as the potential flow values. The variation of 
phase angle for the horizontal force with kb is shown in Figs. 6.274 and 6.275 for 
both angles of incidences. 
6.6.2 Horizontal Cylinder 
The numerical results obtained for horizontally submerged cylinders are discussed 
here. The aspect ratios of the cylinder chosen are 1.0, 112, and 3/4. Numerical results 
are obtained to study the effect of depth of submergence on the maximum horizontal 
and vertical force coefficients. The forces are computed for only two relative depths 
of submergence, dIh, where d is the water depth and h is the depth of cylinder axis 
from the still water level. These are chosen in order to compare with the experimental 
results for the same depth of submergence. Note that the experimental results used 
here for comparison include most of the tests conducted in the Morison regime. 
Since, the tests were conducted at low KC numbers, the contribution from drag is 
small so the total force can be expressed by the inertia component. Also the 
experimental results can be usefully compared with the numerical results. 
The results for a square cylinder with aspect ratio 1.0, are shown in Figs. 6.276 and 
6.277 for horizontal and vertical forces respectively for two relative depths of 
submergence. The forces are reported in a non-dimensional form, F max /0.5 pgHb . 
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These figures indicate that when kb~O, the nonnalised forces approach zero. With 
increase in kb the force coefficients in both directions increase, as the case of vertical 
cylinder, up to a certain value of kb and further increase in kb results in gradual 
decrease in force coefficients. This trend is observed for both dlh values. Further, 
the maximum force coefficients decreases with decrease in dlh for any given values 
of scattering parameter, kb. This result is as expected since for the given wave or 
wave number, k, the particle velocity at any fixed point in the flow field decreases 
with increase in water depth, and this results in smaller forces for larger depth of 
submergence. 
Figs. 6.278 to 6.281 respectively provides a comparison of the present numerical 
results for the maximum horizontal and vertical force coefficients with corresponding 
experimental results for two values of d/h. The present experimental results are in 
reasonable agreement with numerical results. These figures indicate that the 
experimental results for the maximum horizontal and vertical force coefficients show 
similar variation with scattering parameter and relative depths of submergence as the 
numerical results are within the range of this parameters investigated. 
The inertia coefficient in the horizontal direction, Cnu, and in vertical direction Cmy 
are evaluated from the following equations, 
C = FxllllU 
nt. A. P u llllU 
(6.21) 
C = FYma.t 
my A. p Wma.t 
(6.22) 
where, A is the cross-sectional area of the cylinder, u and ware horizontal and 
vertical particle acceleration computed at the level of the axis of the cylinder. The 
variation of computed inertia coefficients in horizontal and vertical directions with 
scattering parameter are plotted in Figs. 6.282 and 6.283 respectively. This plot 
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demonstrates that for kb~O, both Cmx and Cmy take identical values equal to 2.2 for 
both dlh values. Computed inertia coefficients, gradually decrease with increase in kb 
for the range of kb considered. For dIh = 2.68, inertia coefficients in both vertical and 
horizontal directions are lower than those calculated for dlh = 4.68 and for the range 
of kb considered. The phase angles at which the maximum horizontal and vertical 
forces occur are shown in Figs. 6.284 and 6.285 for two values of d/h. 
The results for rectangular cylinder with aspect ratio 112, is shown in Figs. 6.286 and 
6.287. Here again, the maximum horizontal and vertical force coefficients are plotted 
with kb for two depths of submergence. As with square cylinder the force 
coefficients for this rectangular cylinder show a similar variation with kb and d/h. 
With increase in kb the force coefficients in both directions increase, and reaches a 
peak value and further increase in kb results in gradual decrease in force coefficients. 
This trend is observed for both dIh values. A comparison of the present numerical 
results for the maximum horizontal and vertical force coefficients with corresponding 
experimental results for two values of dlh is shown in Figs. 6.288 to 6.291. The 
present experimental results compare reasonably well with numerically computed 
horizontal force, for dIh = 4.68, however, for vertical force coefficients, the 
experimental values are found to be lower than the numerical force coefficients 
especially for 0.5 > kb < 1.0. For dlh = 2.68, the experimental horizontal force 
coefficients are considerably lower than the numerical values. 
The variation of computed inertia coefficients in horizontal and vertical directions 
with scattering parameter are plotted in Figs. 6.292 and 6.293 for aspect ratio 112 and 
it is evident from this figure that for kb~O, Cmx = 1.68 and Cmy = 3.1 for d/h = 4.68 
and Cmx = 1.66 and Cmy = 3.02 for dIh = 2.6 and these values are consistent with the 
potential flow values. It is further observed from this plot that Cmx for d/h = 4.68, 
gradually decreases with increase in kb for the range of kb considered whereas, Cmy 
increases with increase in kb and reaches a maximum value of 3.26 at kb = 0.378 and 
then decreases for increase in kb. Similarly, Cmx for dlh = 2.68, gradually decreases 
with increase in kb and Cmy increases with increase in kb and attains a maximum 
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value of 3.06 at kb = 0.279 and then decreases for increase in kb. For dlh = 2.68 and 
for kb < 0.83, inertia coefficients in both vertical and horizontal directions are lower 
than those calculated for dlh = 4.68 and for kb > 0.83, both Cmx and Cmy are found to 
be significantly larger than the inertia coefficients obtained for d/h = 4.68 and for all 
values of kb. At kb = 0.83, Cmx takes a value of 1.58 and Cmy takes a value of 2.84 for 
both dIh. The phase angles at which the maximum horizontal and vertical forces for 
aspect ratio = 112 are shown in Fig. 6.294 and 6.295 respectively for two values of 
dIh. 
A similar trend in results for rectangular cylinder with aspect ratio 3/4, is observed. 
The normalised horizontal and vertical forces are presented in Figs. 6.296 and 6.297 
for this aspect ratio. A comparison between the numerical and experimental results 
for the maximum horizontal and vertical force coefficients with kb for two values of 
dlh is shown in Figs. 6.298 to 6.301. The present experimental results for dlh = 4.68, 
compare quite well with numerically computed horizontal and vertical force 
coefficients. For dlh = 2.68, the horizontal force coefficients obtained from 
experiments are found to be smaller than the theoretical force coefficients as found 
for aspect ratio = 112. 
Computed inertia coefficients in horizontal and vertical directions with scattering 
parameter are plotted in Fig. 6.302 and 6.303 respectively for aspect ratio 3/4 and this 
plot reveals that for kb ~ 0, Cmx = 1.93 and Cmy = 2.52 for dIh = 4.68 and Cmx = 1.89 
and Cmy = 2.43 for dlh = 2.6 and these values are again in consistent with the potential 
flow values. Moreover, it is observed that Cmx for dlh = 4.68, gradually decreases 
with increase in kb, whereas, Cmy increases with increase in kb and reaches a 
maximum value of 2.71 at kb = 0.378 and then decreases for further increase in kb. 
Similarly, Cmx for dlh = 2.68, gradually decreases with increase in kb and Cmy 
increases with increase in kb and reaches a maximum value of 2.48 at kb = 0.279 and 
then decreases for increase in kb. For dIh = 2.68 and for kb < 0.83, inertia 
coefficients in both vertical and horizontal directions are lower than those calculated 
for dlh = 4.68 and for kb > 0.83, both Cmx and Cmyare found to be significantly larger 
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than the inertia coefficients obtained for d/h = 4.68 for all values of kb. At kb = 0.83, 
Cmx takes a value of 1.8 and Cmy takes a value of 2.3 for both dlh. The phase angles at 
which the maximum horizontal and vertical forces occurs for aspect ratio = 3/4 are 
shown in Figs. 6.304 and 6.305 for two values of dlh. 
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Fig. 6.27 1 Effective inertia coefficients for rectangular cylinder of 
aspect ratio = 3/4 for a = 00 for various relative depths 
4.0 
404 
Fig. 6.272 Nonnalised horizontal force for rectangular cylinder of aspect ratio 
= 3/4 for a = 90° for various relative depths 
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Fig. 6.279 Nonnalised vertical force for square cylinder for d/h = 4.68 
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Fig. 6.281 Normalised vertical force for square cylinder 
for dlh = 2.68 
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Fig. 6.283 Vertical inertia coefficient for horizontal square cylinder 
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Fig. 6.285 Phase angles for vertical force for horizontal square cylinder 
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Fig. 6.287 Nonnalised vertical force for horizontal rectangular 
cylinder of aspect ratio = 1/2 
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Fig. 6.289 Nonnalised vertical force for horizontal rectangular 
cylinder of aspect ratio = 112 for d/h = 4.68 
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Fig. 6.290 Normalised horizontal force for horizontal rectangular 
cylinder of aspect ratio = 2/4 for d/h = 2.68 
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Fig. 6.29 I Normalised vertical force for horizontal rectangular 
cylinder of aspect ratio = 2/4 for d/h = 2.68 
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Fig. 6.294 Phase angles for horizontal force for horizontal rectangular cylinder 
of aspect ratio = 112 
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Fig. 6.295 Phase angles for vertical force for horizontal rectangular 
cylinder of aspect ratio = 112 
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Fig. 6.296 Nonnalised horizontal force for horizontal rectangular 
cylinder of aspect ratio = 3/4 
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Fig. 6.297 Nonnalised vertical force for horizontal rectangular 
cylinder of aspect ratio = 3/4 
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Fig. 6.299 Nonnalised vertical force for horizontal rectangular 
cylinder of aspect ratio = 3/4 for d/h = 4.68 
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Fig. 6.301 Nonnalised vertical force for horizontal rectangular 
cylinder of aspect ratio = % for d/h = 2.68 
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Fig. 6.303 Vertical inertia coefficient for horizontal rectangular 
cylinder of aspect ratio = 3/4 
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6.7 Comparisons of force coefficients with Literature 
In this section the drag and inertia coefficients obtained in the present work have been 
compared with some of the numerical and experimental works which were not 
included previously. 
The data available for a vertical square cylinder from publications are compared with 
present measurements in Fig. 6.306. In Fig. 6.306 (a), the experimental drag 
coefficients of Bearman and Russell (1997) are shown. Bearman et a1.( 1985) showed 
that the drag coefficients for attached laminar flow on a square cylinder is given by 
CD KC pl/2 = 38.18 (6.23) 
The predictions obtained using above equation are plotted in Fig. 6.306(a) for 
p = 8000 and 40000. They show p dependence, but drag coefficient values are 
underestimated to about 50% to 60% while comparing with the measurements. 
Therefore Bearman and Russell (1997) suggested another equation as below, that is 
based on the analysis of Bearman et a1.(1985), which is the estimate of vortex related 
drag using a simplified isolated edge, vortex analysis, but with a modified vortex drag 
component; 
CD =60/( KC pl/2 J+ 2.5 (6.24) 
The predictions from equation(6.24) are also included in Fig. 6.306(a), which 
correlates Bearman and Russell (1997) experimental data very well. The present 
experiments show higher values at KC around 1.0. In Fig. 6.306(b) and 6.306(c), 
force coefficients obtained by numerical methods by Troesch & Kim (1991) and 
Smith & Stansby (1991) are shown. The inertia coefficients from the present work 
compares quite well with Smith & Stansby calculations, which are based on the 
random-vortex method, to compute the forces in two-dimensional viscous oscillatory 
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flow. The numerical model by Troesch & Kim, assumes a laminar, non separating 
flow with the inline force has two components; one due to nonnal pressure stresses 
and one due to skin friction. The inertia coefficients from this numerical model are 
slightly smaller. The experimental drag coefficients appear to agree with theoretical 
calculations except the region of KC around 1.0. 
6.8 Potential Flow values 
Potential flow CM and steady flow CD values [Barltrop & Adams (1991), Isaacson 
(1978) and Shankar et al. (1984)] for square/rectangular cylinders are compared with 
present theoretical values in Table. 6.5. A plot of inertia coefficients values against 
aspect ratios taken from Barltrop & Adams (1991) is shown in Fig. 6.307. Note that 
for aspect ratios 3/4 and 4/3, direct values are not available and hence interpolated 
values are included in this table. It is evident that the present results are much similar 
to the values given by Barltrop & Adam (1991) and these potential flow inertia 
coefficient values are marked in Figs. 6.308 to 6.310, which shows the present 
experimental coefficients. 
6.9 Comparison of Regular and Random Wave Force Coefficients 
Regular and random wave force coefficients are compared for the same cylinder. The 
comparison for all cylinders is shown in Appendix - A, i.e., for vertical and 
horizontal cylinders. The results are corresponding to wave by wave method. In 
general, drag and inertia coefficients obtained from random wave tests are consistent 
with regular wave force coefficients. However, slightly higher drag coefficients are 
obtained through random wave tests for all horizontal cylinders. This difference could 
be attributed to the history effect, i.e., loading in small waves is affected by the 
presence of vortices generated in preceding large waves as any increase in drag 
coefficient is associated with an increase in the strength of vortex shedding. 
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6.10 Comparison of Force Coefficients with Aspect Ratio in Regular Waves 
The drag and inertia coefficients for all vertical and horizontal cylinders are shown in 
Appendix - B. The variation of drag coefficients for vertical cylinders with KC 
number (Fig. B.l) follows a similar trend for all aspect ratios. In general the drag 
coefficients decreases rapidly from high values with increasing KC number. The drag 
coefficients are higher in wavy flow than in steady flow as the wake from one half 
wave cycle is washed back over the cylinder in the next half cycle and therefore the 
forces on rectangular cylinder in wave are dominated by the effects of wake re-
encounter. High drag forces are associated with the shedding of strong vortices, 
which are prominent in the wake re-encounter. The drag coefficients are expected to 
reach the steady flow value only at high KC numbers as the returning wake has 
almost decayed. The drag coefficients of vertical cylinders are found to vary 
substantially with aspect ratio at low KC numbers. Drag coefficients for horizontal 
cylinders in horizontal and vertical directions are shown in Fig. B.3 and 8.4 
respectively. Horizontal drag coefficient do not show much variation with aspect ratio 
and the vertical drag coefficients show some variation with aspect ratio. CDr for 
aspect ratio = 3/4 is higher than other aspect ratios. CDr for square cylinder show 
lower values. 
The inertia coefficients for all vertical cylinders (Fig. B.2) approach their potential 
flow values at low KC. At very low KC numbers, i.e., close to zero, there is a 
tendency towards an attached and undisturbed flow with vortex strength tending to 
zero. Inertia coefficients increase with KC up to the range of KC tested for each 
cylinder. Inertia coefficients are also found to increase with aspect ratio. A lower 
inertia coefficient is observed for lowest aspect ratio = 112 and a higher inertia 
coefficient is obtained for the highest aspect ratio = 2/1 and this is consistent with the 
added mass of the cylinders. 
The inertia coefficients for the horizontal cylinder (Fig. B.5 & 8.6) show similar 
trend for all aspect ratios, i.e., the values of the coefficients decrease rapidly with 
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increasing KC number and it is believed that this reduction is caused by the rotating 
separated vortices around the cylinders. The stronger the circulation of flow around 
the cylinder the more rapid is the reduction of inertia coefficients. 
Root mean square in-line force for vertical cylinders is shown in Fig. B. 7. It can be 
seen that rms force increases with increase in aspect ratio of the cylinder. For a given 
value of KC, cylinder with aspect ratio = 112 showed the lowest value and aspect 
ratio = 211 showed the highest rms value. This plot also shows that the square 
cylinder and cylinder with aspect ratio = 4/3 experience similar forces for a given 
value of KC number. The rms lift force coefficients for the vertical cylinder is shown 
in Fig.B.8, the variation of lift coefficient with aspect ratios is such that the square 
cylinder and the cylinder with aspect ratio = 4/3 are found to have the largest lift 
force coefficients. 
Root mean square forces in horizontal and vertical directions, for the horizontal 
cylinders are shown in Fig. B.9 and B.I0. The square cylinder had lowest value of 
rms coefficients. Aspect ratio = 3/4 had the largest value and aspect ratio = 112 was 
found to be in between the value for the square cylinder and the cylinder with aspect 
ratio = 3/4. 
The inertia coefficients for vertical cylinders are fitted with best-fit equations and are 
shown in Figs. B.l1 to B.12. Similarly a trail has been made to fit the inertia 
coefficients obtained for horizontal cylinders by the empirical equations in a form 
CM = Cmo -R(KC/, expressed by Chaplin and Retzler (1992) and the resulting 
curves are shown in Figs. B.13 to B.15. The best fitting equations are given as: 
For vertical cylinders: 
CM = 2.6711( KC f0924 
CM = 2. 1512(KCfo79 
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for aspect ratio =1.0 
for aspect ratio = 112 
(6.25) 
(6.26) 
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eM = 3.433( KC l06~ 
CM = 2.2463( KC f0659 
CM = 2.617(KCf092 
For horizontal cylinder: 
For aspect ratio = 1.0 
CMX = 2.2-0.08(KC/ 
CMY = 2.2-0.08(KC/ 
For aspect ratio = 112 
CMX = 1.67-0.25(KC/ 
CMX = 3.14 - 0.25( KC / 
For aspect ratio = 3/4 
CMX = 1.90-0.4(KC/ 
CMX = 2.40-0.2( KC / 
for aspect ratio =2/1 
for aspect ratio =3/4 
for aspect ratio =4/3 
(6.27) 
(6.28) 
(6.29) 
(6.30) 
(6.31) 
(6.32) 
(6.33) 
(6.34) 
(6.35) 
The above expressions can be used to calculate the inertia loading on vertical and 
horizontal cylinders within the range of KC numbers presented in this thesis. 
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Table. 6.5. Comparison of potential flow inertia coefficients with present 
theoretical values 
Aspect ratio CM CD Reference 
2.19 2.2 Barltrop & Adam (1991) 
1.0 2.19 - Myers et a1. (1969) 
2.14 - Issacson (1978) 
2.10 - Shankar et al.(1984) 
2.18 - Present study (theory) 
1.67 1.5 Barltrop & Adam(1991) 
112 1.68 - Present study (theory) 
3.14 2.5 Barltrop & Adam(1991) 
2/1 3.10 - Present study (th~ory) 
2.50 - Interpolated 
3/4 2.45 - Shankar et a1.(1984) 
2.52 - Present study (theory) 
1.95 - Interpolated 
4/3 1.87 - Shankar et al.(1984) 
1.93 - Present study (theory) 
Potential flow inertia coefficients for rectangular cylinders 
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Fig. 6.307 Potential flow inertia coefficients with aspect ratio 
[Barltrop & Adams (1991)] 
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7.1 General 
CHAPTER 7 
CONCLUSIONS 
This chapter draws general conclusions from this research work on wave and 
current loadings on rectangular cylinders with different aspect ratios. Force 
measurements were carried out on square and rectangular cylinders in a 
wave/towing tank. Cylinders were constructed with different cross sections 
(aspect ratios) and sectional forces were measured in a water depth of 2.2 m on 
(i) vertical surface piercing cylinders and (ii) horizontal cylinders, submerged 
under waves with their axes parallel to the wave crest. The aspect ratios of the 
cylinders tested were 1.0, 112, 2/1, 3/4 and 4/3. In-line and transverse forces were 
measured on vertical cylinders and horizontal and vertical forces were measured 
on horizontal cylinders in regular waves, random waves and combined waves and 
currents. 
7.2 Conclusions 
Drag and inertia coefficients for vertical and horizontal cylinders were evaluated 
and were presented as a function of Keulegan-Carpenter numbers (KC) and 
frequency parameter ( (3). The maximum value of KC number obtained is about 
4.5 and the Reynolds number varied from 6.397x103 to 1.18xlOs. Maximum force 
coefficients and root mean square force coefficients were also calculated and 
reported. The effect of varying the depth of submergence of the cylinder on force 
coefficients has also been investigated for two relative depths of submergence, 
d/h = 4.68 and 2.68. The salient conclusions drawn from this investigation are 
summarized below: 
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(1) The drag coefficients at low KC numbers exhibited large values and these 
coefficients decreased sharply with increase in KC number for all 
cylinders. The high drag coefficients at low KC numbers are associated 
with the flow separation and the first appearances of vortices [Beannan 
et at. (1979,1984,1985)], which take place for sharp edged rectangular 
cylinders at very low KC numbers. 
(2) At lower values of KC number, the inertia coefficients approach its 
potential flow values for both vertical and horizontal cylinders. Inertia 
coefficients obtained for vertical cylinders are substantially different from 
those obtained for horizontal cylinders. For vertical cylinders, inertia 
coefficients increased with increase in KC numbers for all aspect ratios. 
For horizontal cylinders, inertia coefficient decreased with increase in KC 
number, due to presence of a circulating flow [Chaplin (1984)] around the 
cylinders, up to the range of KC number tested. For the square cylinder, 
where a comparatively large KC number is obtained, the inertia coefficient 
decreased up to a value of KC number around 3.5 to 3.75, then further 
increase in KC resulted in an increase in the inertia coefficient. 
Comparisons of the inertia coefficients with similar data obtained by other 
investigators show good agreement. Some empirical formulae are 
presented for the calculation of inertia forces at low K C numbers. 
(3) Frequency parameter, {j did not have much effect on measured drag and 
inertia coefficients, suggesting that the force coefficients are free from 
Reynolds numbers effect. 
(4) Root mean square in-line forces (for vertical cylinders) and root mean 
square horizontal and vertical forces (for horizontal cylinders) show a 
similar trend to the drag coefficients with less scatler. 
(5) Larger values of lift force coefficients for vertical cylinder are observed at 
low KC numbers and it decreased with increase in KC numbers. The first 
frequency component of the lift force coefficient shows a regular trend 
with KC and is found to be higher than 2nd,3rd,4th & 5th frequency 
components of the lift forces. 
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(6) For horizontal cylinders, changing the depth of submergence of the 
cylinder affected the inertia coefficients, with some evidence of lower 
inertia coefficients at smaller relative depth of submergence. 
(7) Force coefficients obtained for random wave forces are consistent with the 
coefficients obtained from regular wave force measurements, for both 
vertical and horizontal cylinders. 
(8) In combined waves and currents, the inertia coefficient is strongly affected 
by the presence of a current and the values of inertia coefficient in waves 
and currents are generally smaller than the inertia coefficients obtained in 
waves, irrespective of current magnitude and direction. The drag 
coefficients in waves and currents are lower than drag coefficients derived 
from waves alone for vertical cylinders. 
(9) The measured peak forces for all the cylinders are larger than the Morison 
forces at high KC numbers. The maximum under prediction of forces are 
observed in waves and currents. This difference may be a result of poor 
estimate of wave kinematics or due to a more complicated loading. 
(10) Measurement of pressure distribution around the cylinder indicates that the 
wave-induced pressure is dependent on relative water depth and wave 
steepness. The pressure distribution around the vertical cylinder is 
different from horizontally submerged cylinder. 
(11) Estimates of wave run-up on rectangular cylinders are obtained through 
simple empirical correlation. Wave run-up is influenced by aspect ratio of 
the cylinder. 
(12) Normalised forces, inertia coefficients and phase angles are studied in the 
diffraction regime for vertical and horizontal cylinders for all the aspect 
ratios. Comparison of the diffraction force results with the present 
experiments show reasonable agreement. 
(13) The phase shift analysis using the phase calculated from diffraction 
analysis and the measured force phase indicate a large reduction of drag 
coefficients. The phase shifted inertia coefficients are generally larger than 
the inertia coefficients derived prior to applying the phase correction. 
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(14) The contribution of drag coefficients to the total loading is less than 2% 
for vertical cylinders (aspect ratio = 1.0 & 112) and 5.4% for horizontal 
cylinder (aspect ratio = 112) and this indicate that although the drag 
coefficients appear to have large values, its contribution to the total 
loading is less and the inertia forces are dominant. 
7.3 Suggestions for Future Research 
The force coefficients presented in this study are based on the wave kinematics 
obtained using linear wave theory, as no instrument is available to measure the 
wave particle kinematics. If the ambient flow were measured directly, the 
obtained results would not be subjected to any additional uncertainties associated 
with the use of linear wave theory. Hence the future experiments may be 
perfonned with direct velocity measurements. The pattern of vortex fonnation and 
shedding of vortices around rectangular cylinders in the combination of waves and 
current flow are still unexplored and therefore flow visualisation studies would be 
useful to help us to understand the complex flow behaviour and the resulting 
forces. The force coefficients presented in the present study corresponding to 
waves approaching from only one angle to the cylinder axis and it would be 
interesting to investigate the various angle of wave incidence on the cylinders. 
Investigation on force coefficients at high KC numbers would also be useful. 
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Fig. C.3 Transverse force for vertical rectangular cylinder with 
aspect ratio =2/1 
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